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ABSTRACT
This project examined major and trace elements, isotopic measurements o f  
180 , 2H, 13C, 34S, and 3He/4He ratios that assisted in the geochemical and 
hydrodynamic characterization o f  the aquifer system o f Puebla Valley, and the 
adjacent Atlixco-Izucar de Matamoros area.
The study area covers approximately 4000 km2 within a semi-arid region in the 
south central part o f  the Trans Mexican Volcanic Belt. Puebla City, the major urban 
center within the study area, is threatened by volcanic activity and challenged in its 
development by relatively low availability o f  groundwater.
Water samples were collected from production wells, including artesian wells, 
springs, and intermittent streams; these represent at least two hydro-stratigraphic units 
with distinctive chemical composition in the study area.
A  noteworthy contribution o f the project was the preliminary examination o f  
the chemical evolution o f  groundwater o f  the Puebla confined aquifer unit, whose 
chemical characteristics have previously been attributed to the influx o f  magmatic 
volatiles from Mt Popocatepetl. The confined aquifer is rich in sulfur species and 
further characterized by high dissolved CO2 and high alkalinity; ratios o f  major ions, 
trace elements, analysis for sulfur reducing bacteria (SRB), and 534S, indicate that 
evaporites, probably o f  Middle Cretaceous age are an important rock source 
responsible for its high sulfate content. Molecular analyses and SRB tests indicate that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
there are at least two bacteria species present in the system: Desulfovibrio- 
Desulfomicrobiunv, these are probably partially responsible for the production o f  H2S.
Within the upper aquifer is a group o f  wells, circumscribed within an area o f
t 'y
approximately 10 km , and labeled for this project as the Cholula-Atlixcayotl 
subgroup. Groundwater from these wells is similar to the water in the confined 
aquifer, with respect to its high C 0 2 and alkalinity content; however, it differs from it 
by lacking sulfide. 8 13C and 3He/ 4He ratios in water o f  this subgroup indicate a 
contribution from a mantle-derived gas emanation. This information, together with 
tectonic reports about the area, suggests that gas o f  magmatic/mantle origin is 
emerging to the surface through faults.
Recharge elevations were estimated based on S180  and 8D analyses o f  
groundwater. These results produced four groups o f  samples associated with 
distinctive elevation and geochemical characteristics.
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CHAPTER 1 
INTRODUCTION
This is a hydrogeologic study in which geochemical information from springs 
and groundwater was collected to characterize and infer the geochemical evolution o f  
a complex aquifer system in a semi-arid climate in a region that encompasses a 
densely populated and industrialized urban area surrounded by three major volcanoes, 
at least one o f  which is active. This project has significance to the scientific and social 
communities.
The study area is situated in the south-central part o f  the Trans-Mexican 
Volcanic Belt, occupying the southwestern portion o f Puebla State (Fig 1.1). The area 
o f the project is approximately 4000 km2, and involves two aquifer systems: Puebla 
Valley (PV) and Atlixco-Izucar de Matamoros (AIM) (Fig 1.2).
This project examined the following geochemical parameters: major and trace 
element composition and stable isotope ratios o f  H, C, O, S, and He as part o f  a 
geochemical and hydrodynamic characterization o f the PV and AIM aquifer systems.
Most o f  the samples were collected within Puebla City, capital o f  the state, and 
in the surrounding suburban area. The city is a major population center in a region 
with scarce water resources. To provide a reference for its water availability, it is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1.1. Study Area located in the southwestern portion o f  Puebla State
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Figure 1.2. Study area depicting the Puebla Valley and Atlixco-Izucar de Matamoros 
aquifer systems
pertinent to indicate that Mexico is divided into two zones o f  major water availability: 
the Southeast zone, with 13,566 m3/inhabitant/year; and the North, Central, and 
Northwest zones with only 1,897 m3/inhabitant/year (Figure 1.3). The study area is 
located in the Central zone. Based on these data, the Southeast zone has seven times 
greater water availability than the rest o f  the country. Ironically, 77 % o f the 
population lives in the regions o f  lower availability o f  water and 85 % o f the Gross 
Domestic Product (GDP) is produced within these water-deficient regions (CNA  
2004). According to a report o f  CNA (2004) depicted in Figure 1.4, approximately
15.6 % o f the aquifers identified in the country are overexploited. This situation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4demands better understanding o f  the physical and chemical parameters that delimit the 
aquifer systems in the country, especially those located in areas o f  high water demand 
and low availability.
Figure 1.3. Zones o f  water availability in Mexico. Mean Natural Water Availability is 
an indicator o f  water available by region per capita.
The state o f  Puebla has the 7th highest GDP among states o f  Mexico (CNA  
2004). Most o f  this economic activity, especially with respect to industry, is 
concentrated around Puebla City, the capital o f  the state. The city has 25 % o f  the total
5.3 million inhabitants in the state; therefore, its demand for water is great. According 
to the report o f  Sistema Operador de Agua Potable y Alcantarillado de Puebla 
(SOAPAP) (1998), the estimated volume o f groundwater extracted from the upper 
aquifer o f  the Puebla Valley was 312 Mm3/y.
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Figure 1.4. Overexploited aquifers (102 out o f  the 653 recognized aquifers in Mexico). 
All the overexploited aquifers are located in the region o f low mean water availability
Even though officially there is no reported overexploitation o f the Puebla 
Valley aquifer (Diario Official 12/29/2003), evolutionary drawdown contour lines 
reported for the period between 1973 and 1996 indicate a 25 m drop in the water table 
within Puebla City (Figure 1.5). Also, in 1993, there was a deficit o f  700 liters per 
second (lps) in groundwater supply to Puebla City (Geotecnologia 1997). To reduce 
this deficit, wells were drilled near the towns o f  Nealtican, located on the east flank o f  
Mt Popocatepetl (SOAPAP and CNA 1994), Atlixcayotl (Ariel Consultores 1994),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6Figure 1.5. Evolutionary drawdown between 1973 and 1996. A  drawdown o f  
approximately 1 m per year was estimated. This indicates that the present drawdown 
in Puebla is approximately 34 m.
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7Xoxtla, and Barranca Honda (SOAPAP 1998). Eventually, several problems, 
especially lower yields than estimated, unexpectedly high drawdowns (e.g Atlixcayotl 
wells) and natural contamination o f  the wells (Ariel Consultores 1994), led to the 
decision to exploit a confined aquifer in the PV beginning in 2002.
One o f  the major concerns o f  the authorities in charge o f  the water supply in Puebla 
City is to know more about the physical and chemical characteristics o f  the confined 
artesian aquifer, because its exploitation may alter the present physical conditions and 
chemical equilibrium o f the system. In support o f  that effort, one objective o f  this 
project was to ascertain as much as possible about the hydro geochemistry o f  this 
aquifer unit.
The initial premise o f  this project was that sulfur-rich springs surrounding an 
active volcano, Mt Popocatepetl (most recently active beginning in 1994), were 
suitable for evaluating the influence o f  volcanic activity on the aquifer system. 
However, logistically, it was not possible to collect samples frequently enough to test 
that hypothesis adequately, and the few initial analyses available did not reveal any 
evident correlation between hydrogeology and volcanic events. Therefore, a broader 
regional study o f  the aquifer systems in the area was undertaken to infer the sources 
and possible evolution o f  sulfur-rich water, and rather than proposing a single 
hypothesis, I have investigated four hypotheses:
1. A  magmatic/mantle component is not the sole source o f  sulfide in the 
confined aquifer o f  the Puebla Valley or in springs and groundwater o f  
the adjacent area.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
82. Water o f  the confined aquifer is in contact with and has evolved from a 
geochemical source different from the unconfined aquifer.
3. Similarity o f  some chemical parameters between the confined aquifer 
and a subgroup within the unconfined aquifer may indicate existence o f  
a physical connection between the confined and unconfined aquifer.
The linkage may be a deep fault.
4. Groundwater in the study area preserves the isotopic signature o f  
precipitation, allowing the calculation o f  its recharge elevation.
To address these hypotheses and to establish the goals o f  the project, a review  
o f previous studies was carried out. Most o f  the previous studies performed within the 
PV are either documented in internal reports o f  the state water authorities and are 
available only as proprietary reports o f  consulting companies or else they are 
published as government reports with limited distribution. These studies were 
designed mainly to report on the physical state o f  the aquifer, particularly for 
evaluation o f the drawdown o f  the water levels and determination o f  new areas for 
exploitation. A  summary o f  these reports is included in the hydrogeology section o f  
Chapter 3.
More recent studies have concentrated on detecting any volcanic influence to 
springs surrounding the volcano (Martin-Del Pozo et al. 2002a, b). Pliego-Campano 
(2002) monitored one o f  the artesian wells (CAPU), located in Puebla City, for a year. 
Field measurements (pH, Temperature, conductivity and Eh) and the concentrations o f  
sulfur species (sulfides, sulfites and sulfates) were performed twice a month in her
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9project in an attempt to identify any volcanic influence in the sulfur-rich aquifer. No 
evidence was reported to support any volcanic influence on the artesian system o f the 
PV.
The main objectives o f  my study on the hydrogeochemistry o f  the complex 
aquifer system o f the PV and adjacent area were to: 1) distinguish hydrostratigraphic 
units based on their chemical characteristics; 2 ) contribute to the understanding o f  the 
hydrodynamics o f  the complex aquifer system o f  the Puebla Valley; and 3) identify 
the sources and evaluate possible chemical evolution paths for the sulfur-rich aquifer.
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CHAPTER 2 
GENERAL DESCRIPTION OF THE AREA
2.1. Location
The study area is located in the east-central part o f  the Trans Mexican Volcanic 
Belt (TMVB), occupying the central-west part o f  the State o f  Puebla, Mexico, within 
the parallels 18° 29’ 64” and 19° 30’ 26” North latitude and meridians 97° 51’ 87” and 
98° 49’ 54” West longitude (Figure 1.1). It embraces an area greater than 4000 km2. 
Neighboring states surrounding the State o f  Puebla, starting in the north and moving 
counterclockwise toward the southwest, are: Hidalgo, Tlaxcala, Mexico, and Morelos. 
Guerrero and Oaxaca are the southern-most neighboring states, and they extend to the 
southeastern comer. Veracruz is the state bordering the entire eastern side.
2.2. Physiography
2.2.1. Regional Physiography
Even though the detailed regional physiography is beyond the scope o f  this 
project, a brief description o f the physiography is useful to illustrate the degree o f  
complexity imposed by the tectonic activity within the study area and its surroundings, 
especially for Pre-Tertiary rocks.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Mexico has been divided into physiographic provinces by several authors. 
Some o f the first descriptions were by Ordonez (1946) and Raisz (1959) (both cited in 
Fries 1960). More recent work was reported by Campa and Coney (1983), and 
Sedlock et al. (1993); the latter authors introduced the term tectonostratigraphic 
terranes based on the definition o f  the term terrane by Howell et al. (1985: cited in 
Sedlock et al. 1993): “a fault-bounded package o f  rocks o f  regional extent 
characterized by a geologic history which differs from that o f  neighboring terranes.”
Campa and Coney (1983) suggested that at least 80 percent o f  Mexico is made 
up o f terranes and that the northeastern part o f  Sonora and the state o f  Chihuahua are 
the only areas that belong to the North American cratonic (Precambrian) basement. 
Sedlock et al. (1993) identified and characterized 17 tectonostratigraphic terranes in 
Mexico and North Central America. For the purpose o f  this project, the map by 
Sedlock et al. (1993), Figure 2.1, is used to illustrate the tectonostratigraphic division 
o f the country and to depict the terranes related to the study area. Also, Table 2.1 
correlates the terrane names assigned by different authors.
The study area, particularly the Puebla Valley, falls within the Neo-volcanic 
physiographic province (Fries 1960; Lopez-Ramos 1982); it is also called TMVB by 
other authors (Table 2.1). The TMVB is considered a “young” (Late Tertiary) overlap 
assemblage that crosses terrane boundaries (Campa and Coney 1983); therefore, it is 
necessary to consider the tectono-stratigraphic terranes in adjacent areas (e.g. Sierra 
Madre Oriental or Guachichil and Mixteco) in order to discuss the Pre-Tertiary 
geology o f  the study area.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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From Sedlock et al. (1993)
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Figure 2.1. Tectonostratigraphic Terranes o f  Mexico. Terranes o f  interest for the study 
area are highlighted in pink.
Although each o f the indicated authors provided slightly different boundaries 
for the different terranes, the study area falls within the TMVB as indicated by all o f  
them, although names differ slightly from author to author (Table 2.1).
2.2.2. Local Physiography
The PV is delimited by four major physiographic and tectonic features: the 
Sierra Nevada to the west, Mt Matlalcueyetl (Malinche) (4420 masl) to the east, the 
Tlaxcala Block to the north, and the Sierra Amozoc to the southeast (Figure 2.2). The 
Sierra Nevada encompasses three volcanic complexes, listed from oldest to youngest
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2.1
Comparison o f  Terms Among Cited References Describing Physiographic Provinces. 
Geologic Provinces and Tectonostratigraphic Terrane
Cited
Reference




Term used to 
describe terrane 
north of study 
area




Term used to 
describe terrane 









Basin (included in 

































terrane listed in 
Campa and 
Coney (1983), 
and the Zapoteco 
terrane listed in 
Sedlock et al. 
(1993).]
Tlaxiaco Basins.
[The western part of 
the Tlaxiaco Basin is 
probably partially 
within the Mixteco 
terrane listed in 
Campa and Coney 
(1983), and Sedlock 
et al. (1993).]
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Figure 2.2. Local physiography and tectonic features within the study area. There are 
three major physiographic features in the area (summits o f the volcanoes are 
represented with the green diamonds): To the west, is the southem-most part o f  80- 
km-long Sierra Nevada, formed by Mt Iztaccihuatl, the northern-most volcano, and Mt 
Popocatepetl. To the east is Mt Malinche. The brown contour line marks an elevation 
o f 2600 m, and, to the north o f  the study area, it delimits the tectonic feature o f  the 
Tlaxcala block. South o f  Mt Malinche is Sierra Amozoc, and south-southwest o f  it is 
Sierra Tenzo. The last two features are delineated by a 2200 m contour line, but their 
maximum elevation is 2500 m.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(north to south): Tlaloc-Telapon (9 units1), Iztaccihuatl (10 units1), and Popocatepetl 
(6 units1) (Mooser et al. 1996). Only Iztaccihuatl and Popocatepetl are located within 
the study area. The summits o f  Mt Iztaccihuatl (5285 masl) and Mt Popocatepetl 
(5452 masl) are the third and second tallest peaks in Mexico, respectively; only Mt 
Citlaltepec (Pico de Orizaba, 5610 masl), located approximately 100 Km southeast o f  
Mt Malinche, is taller.
Mt Popocatepetl, located 45 km to the west from Puebla City (2100 masl), 
resumed its volcanic activity in 1994 after a period o f quiescence since 1927 (Siebe et 
al. 1995; Siebe et al. 1997; Werner et al. 1997). The National Center for Natural 
Disaster Prevention (CENAPRED) is monitoring the volcano collecting visual, 
seismic, atmospheric, and geochemical information. The monitoring system includes 
15 short period seismic stations, 5 inclinometers, 4 hydrometric stations, and a camera 
focussed on the volcano peak that allows continuous surveillance. Detailed reports o f  
major volcanic events, description o f  monitoring techniques, gallery o f  pictures, and 
more can be found on the CENEPRED web site: www.cenapred.unam.mx.
2.3. Surface Hydrology
Hydrologically, the study area forms part o f  the northeastern Rio Balsas 
hydrologic region (basin) (Figure 1.2). This is one o f  the three main hydrologic
1 Mooser et al. (1996) referred to the units as the volcanic episodes that built 
the presently known volcanoes.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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regions located in the State o f  Puebla. The Atoyac and Nexapa Rivers flow through 
the study area, and are the main rivers that drain the basin (Figure 1.2) (INEGI 1998; 
SARH-CNA 1992).
2.4. Groundwater Resources
There are five major geohydrologic zones (aquifer systems) described by the 
National Water Commission (CNA) in the State o f  Puebla: Puebla Valley, Atlixco- 
Izucar de Matamoros, Oriental Basin, Tecamachalco, and Tehuacan (SARH-CNA, 
1992). The study area encompasses the first two, which have areas o f  1470 km2 and 
570 km2, respectively (Figure 1.2) (SARH-CNA 1992).
Although the Puebla Valley Aquifer System (PVAS) extends into the State o f  
Tlaxcala, its name is associated with Puebla because two thirds o f  the Valley is located 
within the State o f  Puebla (INEGI 2000; cited in Rosano-Ortega 2003).
2.5. Climate
The study area presents five climate zones, depicted and briefly described in 
Figure 2.3 (INEGI 1998). Most o f  the PV area is temperate, sub-humid, with greatest 
precipitation in summer (Geotecnologia 1997; INEGI 1998). For most o f  the Atlixco- 
Izucar de Matamoros region the climate is warm sub-humid with greatest precipitation 
in summer (INEGI 1998).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Geotecnologia (1997) compiled records o f  temperature and precipitation from 16 and 
17 meteorological stations, respectively, as discussed in the next sections. These are 
located within the Puebla Valley and surroundings (Figure 2.3). The longest period o f  
observation corresponded to the station located in Puebla City, which included 60 
years (1921 to 1981). The shortest period o f  observation corresponded to the station o f  
Nanacamilpa, Tlaxcala, with only 6 years o f  records (1968 to 1974).
2.5.1 Annual Temperature
Table 2.2 lists the average monthly and annual temperature data for the 17 
selected stations. The average annual temperature for the study area is 15.1 °C, with 
the highest average annual temperature o f  23.8 °C recorded in the Huehuetlan el 
Grande (18° 44 ’ N  and 98° 10’ W at 1340 masl). The lowest average annual 
temperature o f  5.2 0 C was recorded in the Repetidora TV station (between Mt 
Popocatepetl and Mt Iztaccihuatl).
2.5.2 Annual Precipitation
Table 2.3 lists the average monthly and annual precipitation data for the 17 
stations. The average annual precipitation for the study area is 829.6 mm. According 
to the information in Table 2.3, the greatest average annual precipitation occurs in the 
pass between Mt Telapon and Mt Iztaccihuatl in the Rio Frio station (North o f  
Iztaccihuatl) with 1053.0 mm recorded. The lowest average annual precipitation o f












Monthly and annual average temperature as reported from 17 meteorologic stations
TEMPERATURE (C)
STATION ENE FEB MAR ABR MAY JUN JUL AGO SEP OCT NOV DIC ANNUAL
i S u ttn ru n 111 12 14 15.3 15.8 14.9 141 14.3 14 13.6 12.7 11.8 13.6
Rio Frio 7.9 S.9 10.7 11.8 12 11.9 11.3 11.6 11J 10.3 5.8 7.8 10.4
TIaxcala 12.1 12.9 15.4 171 18.3 12.8 17.1 17 16.8 15.9 14 12.6 16.6
Tepetitla 10.6 12.1 131 15.8 16.9 16.8 15.9 15.8 15.9 14.9 181 11.7 14.4
Tlahuapan 11.6 12.4 141 15.4 15.8 151 14.6 14.7 14.4 14 18 11.9 13.9
Puebla Ob®. 13.4 14.9 12.4 18.9 19.4 18.2 17.4 17.6 17 18.4 15 13.8 16.6
Atiixeo 151 16.1 118 19.1 19.9 19.6 191 19.1 19 181 17 15.7 18
R epetidora T.V. 4.1 3.9 9J 6.6 6.3 6.1 4.8 5.1 5.3 5.5 4.9 4.8 91
San M artin Tex. 14 151 17.4 19 19.5 19.4 18.5 18.9 18.8 17.7 151 14.5 12.4
Apizaco 10.6 11.6 13.8 151 15.9 151 15.5 14.9 14.8 13.8 121 11 13.7
H uejotzingo 121 13.4 15 17.4 18.6 18.3 171 171 .16.7 15.9 13.9 12.5 18.8
H ueyotlipan 10.8 11.7 13.8 151 15.8 15.3 14.4 14.6 14.6 14.4 12.6 11.4 13.7
H uehuetlan e l Grande 21.6 1"! * 24.6 26.3 27.3 25.8 24.6 24.7 23.6 23.7 20.5 201 23.8
A huatepec 13.6 14.5 16.5 IS 18.6 181 17.6 17.6 17.5 16.7 15.4 14.3 16.5
EeheTerria 11.4 12.5 14.8 16.9 18 17.9 17 17 16.8 15.8 13.5 11.9 15J
Los Molinos 15.2 16.3 18.3 20.5 20.8 20.1 19.6 19.3 19 18.1 1? 16 18.3
M ontly Average 121 131 151 15.8 17.4 17 161 161 16 15.3 13.8 12.6 15.4
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675.8 mm was recorded in the station o f Tepetitla, Tlaxcala (24 km NW  o f Puebla city 
at 2 ,200  masl). The rainy season begins in June and ends in September. For the 
seventeen years o f  record, an average summer month precipitation o f  151.7 mm/month 
was recorded.
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CHAPTER 3
GEOLOGY, TECTONICS AND HYDROGEOLOGY
This section describes the local geology and tectonics that control the 
hydrogeology and groundwater geochemistry o f  the Puebla Valley (PV). Most o f  the 
detailed geologic and hydrogeologic studies o f  the area are available only as 
proprietary reports o f  consulting companies or else are published as government 
reports with limited distribution.
The first readily accessible geologic report that includes detailed information 
on the geology o f  the Puebla Valley is that o f  Erffa et al. (1976). Their report, which 
contains a stratigraphic cross-section o f the area for the Mesozoic and Cenozoic Eras, 
presented here as Figures 3.1 and 3.2, respectively, refers to earlier proprietary reports 
that are difficult to obtain. One o f  the earliest geology reports in the study (cited by 
Efffa et al. ([1976]) but not available to me) is that o f  Salazar (1970).
The geologic map for this dissertation (Figures 3.3a and 3.3b) was generated 
by digitizing and merging two geologic and mineral sheets from Consejo de Recursos 
Minerales (1998 and 2002). The sheets are E l4-2 (Mexico City), constituting the 
upper part o f  the map and E14-5 (Cuernavaca), for the bottom o f the map. They are 
the first editions o f  2002 and 1998, respectively.
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Figure 3.2 Stratigraphic column o f  the Cenozoic for the study area, prepared by Erffa et al. (1976).
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Figure 3.3a. Geologic map o f the study area. (Companion Figure 3.3b)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LEGEND
26


























































855 8  QpthoTDa







Silt - Sand 
Andesite - Basalt 
Lahar - Andesitic tuff 
Andesite - Dacite 
Dacitic tuff 
Basalt - Andesite 
Andesite • Basalt 
Andesitic tuff • Andesite 
Lahar - Andesitic tuff
! | TplQptla2 
| 1 TplQptA 
| | TplQptA-Da 
| | g  TplTA-A2
Lacustrine - Andesite 
Andesite 
Andesite - Dacite 
Andesitic tuff - Andesite
| | TpaeCgp-Ar Polymict Conglomerate Sandstone
m  KaoeCz Limestone
f l l  QhoPA Porfiritic - Andesitic
m  Qtr Travertine
Figure 3.3b. Legend o f  the geology map in Figure 3.3a
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Mooser et al. (1996) prepared a map o f  the geology and tectonics o f  the 
Mexico, Toluca and Puebla Basins for the Comision Federal de Electricidad. Their 
map, together with previous hydro geologic reports summarized in Table 3.1, was used 
by Geotecnologia (1997) to develop the most recent conceptual model for the aquifer 
system o f Puebla Valley.
The Mooser et al. (1996) map could not be used as the base map for this 
dissertation because it does not embrace the southern part o f  the study area. 
Nevertheless, because the hydrostratigraphic column presented by Geotecnologia 
(1997) refers to the geologic units described by Mooser et al. (1996), it is necessary to 
show a compiled copy o f  their map as Figures 3.4a and 3.4b. These figures show the 
Mooser et al. (1996) map overlain on the geologic map for this project and it includes 
their legend.
3.1. Geology
The geology o f  the area has a critical influence on the chemistry o f  
groundwater o f  the region. Nevertheless, obtaining geologic information has been 
difficult for several reasons. First, because most o f  the drilling done in the study area 
was performed for the purpose o f  preparing wells for water supply, core recovery was 
not a priority. Also, because the few geologic reports available deal mainly with the 
Tertiary and Quaternary deposits, it was necessary to search for the geology o f  the 
Pre-Tertiary deposits in the reports documenting the surrounding areas. A  further
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 3.1
Hydro strati graphic Units for the Aquifer System in the Puebla Valley. Modified from
Geotecnologia (1997). Under the Lithologic Units column, the codes without 
parenthesis are the geologic units described in the geology map o f the study area 
(Figures 3.3a and 3.3b). The codes in parenthesis are described in the geology legend 
o f  Mooser et al. (1996) map (Figures 3.4a and 3.4b).











TplQptA-Da, TplQptA, QpthoA-Da- 
QptB (Qn)
QhoA-B4 (Qv, Qvc, Qvd)














TeoCgo and TpaeCgp-Ar (Teob)
Medium to low Confined
Aquifer
Aquitard Lutite, marl and limestone 
Ks ArLu (Ks)
Very Low Aquitard
Lower Aquifer Karstic and Fractured 





Basement Sealed Fractures 
PepCz-Cgp / PE?PdCM? (Pa)
Very Low Lower
boundary
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
lometers*
Figure 3.4a. Mooser et al. (1996) compiled geologic map overlain on Figure 3.3a.
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complication is that the study area is located at or near the intersection o f various 
geologic research areas, rather than at the center o f  any one. Consequently, it has 
sometimes been necessary to extrapolate (often conflicting) formation names and 
stratigraphic descriptions beyond their probable region o f applicability. Available 
sources o f  geologic and hydrogeologic information are described in subsequent 
paragraphs.
There are three reasons to include in this dissertation geologic reports from the 
Sierra Madre Oriental (SMO) and the Mixteco (MT) terranes. Both o f  these regions 
are adjacent to the Trans Mexican Volcanic Belt (TMVB). First, pre-Tertiary deposits 
in the Puebla Valley (near Puebla City) are covered by Tertiary and Quaternary 
deposits, and the Trans Mexican Volcanic Belt (Lopez Ramos 1981; Sedlock et al. 
1993; Yanez et al. 1991) has boundaries with the SMO and MT. The second important 
reason for reviewing geologic reports o f  surrounding areas is to account for all the 
possible deposits influencing the chemistry o f  the aquifer system in the study area.
The third reason is because by reporting, or at least listing all the pieces in the puzzle, 
it is easier to see discrepancies and similarities in the reports about the study area.
Geologic reports o f  the study area are scarce; the ones available are succinct, 
and reports about recent drilling (SOAPAP, personal communication) were not 
available at the time o f  this project. Therefore, it was necessary to include references 
to authors who have reported the same geologic units (Tecoyunca group, Lechos rojos, 
Cahuasas, and Tecomasuchil Formation) in adjacent regions. Even though the
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sequence o f  deposition or lithology may vary from region to region, these reports 
provide information on what may be expected in Puebla Valley.
3.1.1. Precambrian -  Middle Paleozoic Rocks (The Acatlan Complex)
The oldest rocks are exposed in the southeastern part o f  the study area (Figure 
3.3a). They constitute the major unit o f  the crystalline basement o f  the Mixteco 
Terrane (Sedlock et al. 1994; Campa and Coney 1983). Mooser et al. (1996) briefly 
described them as intensely folded dark green schists o f  marine origin, interbedded 
with rare submarine lava flows, and referred to them as the Acatlan Schists. According 
to Ortega-Gutierrez (1978: cited in Moran et al. 1994), these schists are only one unit 
o f what he labeled the Acatlan Complex (AC). He ranked this unit as a complex based 
on the diverse lithology and structure o f  the rocks. Overall, the AC includes migmatite 
and other metasedimentary and metaigneous rocks (Sedlock et al. 1993; Yanez et al. 
1991).
The AC was subdivided by Yanez et al. (1991) into the Petlalcingo and 
Acateco subgroups, the Tecomate Formation, the Toltepec stock and the San Miguel 
intrusions. This division into subgroups was based on the style and number o f  
deformational events affecting the units o f  the Complex (Ortega-Gutierrez 1978: cited 
in Yanez et al. 1991; Sedlock et al. 1993). The lowermost and most strongly 
metamorphosed units are the Petlalcingo and Acateco Subgroups.
The Petlalcingo Subgroup consists o f  schist, amphibolite, quartzite, and 
phyllite. Their protoliths are o f  marine origin with interlayered basic igneous units.
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These were probably derived either from a Grenville-age rock source or from the 
Oaxaca Terrane (Yanez et al. 1991; Ruiz et al. 1990: cited in Sedlock et al. 1993).
This subgroup includes the Cosoltepec and Chazumba Formations and the Magdalena 
Migmatite (considered to be an intrusion) (Yanez et al. 1991; Sedlock et al. 1993). 
Overall, the Petlalcingo Subgroup is characterized by high-temperature-moderate 
pressure metamorphism.
The Acateco Subgroup is characterized by its high-pressure metamorphism as 
indicated by the presence o f  gametiferous schist and eclogite (Ortega-Gutierrez 1981: 
cited in Yanez et al. 1991). This subgroup includes the Xayacatlan Formation and 
plutonic rocks identified as the Esperanza granitoids (Yanez et al. 1991). Ortega- 
Gutierrez (1978a, 1981a, b: cited in Sedlock et al. 1993 and in Moran 1994) 
interpreted the Xayacatlan Formation as a fragmented ophiolite.
The Petlalcingo and Acateco subgroups have a history o f  metamorphism 
extending from the early to late Paleozoic (Sedlock et al. 1993). These investigators 
indicated that the Acateco subgroup was thrust over a lower plate, represented by the 
Petlalcingo subgroup, in an early Paleozoic subduction zone, but they did not provide 
any radiometric measurements o f  this event. According to Yanez et al. (1991), a 
significant metamorphic event (a Laurentia-Gondwana collision) that affected the AC 
occurred in Late Silurian to Middle Devonian time, and was possibly followed by a 
mid-Carboniferous orogeny. They supported their interpretation with radiometric 
measurements from mica schists, granitoids (Esperanza) and eclogites (from the 
Xayacatlan Formation), which yielded metamorphic ages between 410 and 380 Ma
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(mica schist and eclogite) and 371 Ma (Esperanza granitoids). Zircons in the 
granitoids indicated a range in age between 371± 34 Ma and 1116 ± 44 Ma. The
greater age was interpreted to be inherited from Precambrian rocks o f  Grenville age or 
from the Oaxaca Terrane (Yanez et al. 1991).
The Tecomate Formation, Toltepec Stock and San Miguel intrusions o f  the 
Acatlan Complex are less metamorphosed and deformed than the Petlalcingo and 
Acateco Subgroups (Yanez et al. 1991). The Tecomate Formation includes arkosic 
metaclastic rocks, calcareous metapelites and limestone and clasts from the Esperanza 
Granitoids (Sedlock et al. 1993). The fossils found in marine limestone within the 
Tecomate Formation restrict its age between post-Cambrian and pre-Mississippian 
(Ortega-Gutierrez 1978: cited in Yanez et al. 1991). This age overlaps the estimated 
period o f  the metamorphic event that affected the Petlalcingo and Acateco subgroups, 
which is probably why Moran (1994) includes the Tecomate Formation within the 
Acateco subgroup. However, the lower degree o f  metamorphism observed in the 
texture o f  the Tecomate Formation rocks and the presence o f  clasts from Esperanza 
Granitoids within the Formation suggest that the Tecomate Formation is younger than 
the metamorphic events affecting the Petlalcingo and Acateco Subgroups (Yanez et al. 
1991). Indeed, the Formation age is narrowed to the Late Devonian by Sedlock et al. 
(1993) based on the ages reported for the Esperanza Granitoids. Also, the Tecomate 
Formation overlies the thrust contact between the Petlalcingo Formation and Acateco 
Subgroup (Ortega-Gutierrez 1978a, 1981a, b: cited in Sedlock et al. 1993).
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Precambrian and Paleozoic rocks o f  the region are intruded by Tertiary igneous 
rocks. The Tecomate Formation is intruded by the Toltepec stock (Yanez et al. 1991). 
Ortega-Gutierrez (1978: cited in Moran 1994) described this stock as “an intrusive o f  
trondhjemitic composition with slight foliation. It could have been produced by 
differentiation o f  a tholeiitic gabbro.” The Toltepec pluton yielded a concordant U-Pb 
age o f  287 ± 2 Ma (from zircons o f  the pluton); similar ages have been observed in 
intrusives in the Oaxaca terrane and in the Chiapas area o f  Southern Mexico, 
suggesting a widespread period o f  magmatism in southern Mexico at this time (Yanez 
et al. 1991).
The San Miguel intrusives are the youngest unit within the AC. Their 
stratigraphic position is supported by the fact that they are not deformed and also by 
Rb-Sr radiometric ages between 207 ± 9 Ma and 173 ± 0.3 reported by Ruiz 
Catellanos (1974) (cited in Yanez et al. 1991). The Magdalena Migmatite, which was 
previously assigned a Paleozoic age by Ortega-Gutierrez, (1979), was given a 
Mesozoic age, correlative with the San Miguel intrusives by Yanez et al. (1991) on the 
basis o f  its Sm-Nd age o f  204 ± 6 Ma.
3.1.2. Late Paleozoic Sedimentary Rocks
According to Yanez et al. (1991), the AC is overlain in the east by the Matzitzi 
Formation, deformed continental strata o f  Pennsylvanian-Permian age, with main 
outcrops to the southwest o f  Tehuacan (De Csema 1970: cited in Moran 1994). 
Vasques (1985: cited in Consejo de Recursos Minerales 1998) indicated that the Late
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
36
Paleozoic Patlanoaya Formation (coeval with the Matzitzi Formation), consisting o f  
conglomerate, limestone, siltstone, lutite and marl, overlies the AC in the eastern part 
o f  the map presented in this project. Sedlock et al. (1993) reported that in the northern 
part o f  the Mixteco terrane, the AC is overlain by the Patlanoaya and the Matzitizi 
Formations. The Patlanoaya Formation is described as Early Mississippian marine 
strata that unconformably overlie the AC. The authors referred to the Matzitizi 
Formation as unmetamorphosed continental sandstone, siltstone, and conglometare o f  
Pennsylvanian to Permian age. Both Sedlock et al. and Vasquez agreed that the 
Matzitzi Formation overlaps the fault contact between the Mixteco and Zapoteco 
terranes (Grenville-age Oaxaca terrane by Yanez et al. 1991).
A  unit correlative in age to the Matzitzi Formation that covers the AC in the 
west is the Olinala Formation (Flores and Buitron 1983: cited in Consejo de Recursos 
Minerales 1998), mainly composed o f  shallow-marine units (Yanez et al. 1991). 
According to Lopez-Ramos (1981), the Matzitzi Formation, which is mainly exposed 
in small valleys in the southwest o f  Tehuacan, is composed o f coarse-grained 
sandstone (with clasts o f  quartz and feldspar), interlayered with greenish-grayish shale 
and thin layers o f  coal. In some outcrops, it is found interbedded with conglomerates 
that contain clasts o f  schist, gneiss, and igneous rocks o f  the basal unit.
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3.1.3. Mesozoic Sedimentary Rocks
3.1.3.1 Early to Middle Jurassic
The oldest Mesozoic rocks exposed in the study area belong to the Middle 
Jurassic Tecocoyunca Group (Mooser et al. 1996 and Consejo de Recursos Minerales 
1998). Erffa et al. (1976) reported continental folded sedimentary rocks with few 
marine horizons at the margin o f  southern border o f  the Tentzo Cordillera, located 
southeast o f  the study area. Perez Ibarguen-Goitia et al. (1968) and De Csema (1970) 
(both o f  them, cited in Erffa et al. 1976) have divided the Mesozoic sedimentary rocks 
exposed in the Tentzo Cordillera into the Tecomasuchil Formation (lowermost part), 
consisting o f  abundant conglomerate, and the Tecocoyunca Group (upper part), 
represented by greenish colored sandstone with ripple marks and carbonate nodules 
and red argillite layers; however, Erffa et al. (1976) acknowledged that further 
investigation was needed to formally differentiate one unit from the other.
In the report o f  Consejo de Recursos Naturales (1998), the Tecocoyunca Group 
is described as conglomerate rich in quartz, siltstone and lutite. Mooser et al. (1996) 
described the Tecocoyunca Group as conglomerates and continental red sandstones 
and black lutites containing plant fossils; also, they identified this group as the “lechos 
rojos” (Cahuasas), and indicated that the original basal contact is unknown because its 
contact with the Acatlan Complex is by thrust faulting.
The Cahuasas Formation is described in Lopez-Ramos (1982) within the 
subprovinces V ie (Tampico-Misantla basin) and VId (Sierra Madre Oriental), where
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the term “lechos rojos” was also applied. Even though the lithology is slightly 
different in each subprovince, each contains red conglomerates. Lopez-Ramos (1982) 
referred to the Cahuasas Formation as the latest continental sequence that underlies the 
marine deposits o f  the Late Jurassic; this formation is reported for the Poza Rica and 
Teziutlan areas (in Veracruz and Puebla states, respectively) as well as south o f  
Tampico. The term “lechos rojos” (red beds) was also assigned to describe the 
sequence o f  the continental rocks o f  the Middle Jurassic, deposited south o f  the Sierra 
Santa Rosa (within the Tlaxiaco Basin) (Lopez-Ramos 1981).
In the vicinity o f  the Tlaxiaco basin, located to the southeast o f  the study area 
(and thus not depicted in the geologic map o f this study), Moran-Zenteno (1994) 
reported the Tecocoyunca Group as composed o f  both continental and marine detrital 
and carbonate sedimentary rocks containing plant fossils and ammonites indicative o f  
several marine invasions and regressions. Also, within this basin, there are other 
deposits reported to form the base o f  the Mesozoic (Erben 1956: cited in Moran- 
Zenteno 1994 and Lopez-Ramos 1981): (1) The Rosario Formation is reported to 
consist o f  detrital sediments o f  continental origin interbedded with coal horizons 
(Erben 1956: cited in Moran-Zenteno 1994). The lower strata o f  the Rosario formation 
do not appear on the western and eastern borders o f  the basin where this formation is 
overlain by the Cualac conglomerate (Moran-Zenteno 1994). (2) The Cualac 
conglomerate is reported to have a matrix o f  gray color that is rich in quartz (Lopez- 
Ramos 1981). The Rosario Formation along with the Cualac conglomerate constitutes 
the Consuelo Group reported by Lopez-Ramos (1981) and Moran-Zenteno (1994).
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The Consuelo Group underlies the Tecocoyunca Group, and both groups were 
considered to be Middle Jurassic by Moran-Zenteno (1994).
In Erffa et al. (1976), the column reported by Erben (1956), for northeastern 
Guerrero and northwestern Oaxaca, identified the Yucunutl, Otatero, Simon and 
Tabema Formations within the Tecocoyunca Group. The Zorrillo Formation, the 
Cualac Conglomerate and the Rosario Formation were assigned to the Consuelo 
Group. However, there is disagreement about the age o f  the Zorillo Formation. Lopez- 
Ramos (1981) includes the Zorrillo Formation within the Tecocoyunca group, leaving 
only the Rosario Formation and the Cualac conglomerate within the Consuelo Group 
(as indicated in Moran-Zenteno 1994).
The column o f Calderon-Garcia (1956) (Table 1 in Erffa et al. 1976) indicates 
“Lechos Rojos” and the Matzitzi Formation as units coeval with the Tecocoyunca 
Group and the Tecomasuchil Formation respectively for the Tehuacan, Puebla region. 
The column o f Gutierrez (1971), also listed in Table 1 o f  Efffa et al. (1976), 
recognized only the Tecomasuchil Formation in the Huehuetlan, Puebla area.
3.1.3.2 Late Jurassic
The reports o f  Mooser et al. (1996) and Geotecnologia (1997) indicated that 
the Late Jurassic-Early Cretaceous Tecomasuchil and Atzompa Formations overlie the 
Tecocoyunca Group with a slight angular discordance south o f the Valsequillo dam. 
These authors indicated that the material constituting the Tecomasuchil and Atzompa 
Formations are marine lutite and sandstone alternating rhythmically, succeeded
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upward by limestone with alternating layers o f  lutite. Mooser et al. (1996) included the 
upper part o f  the Taman Limestone and Pimienta Formation within the Tecomasuchil 
and Atzompa Formations; the total thickness o f  the marine deposits was estimated to 
be approximately 700 m.
Lopez-Ramos (1982) described the Taman and Pimienta Formations within 
both the Sierra Madre Oriental and the Tampico-Misantla Subprovinces; however, 
because the SMO is the adjacent subprovince to the north o f  TMVB, I have included 
only the SMO descriptions. The type localities (towns where they are best exposed) o f  
both formations are located in San Luis Potosi.
The Taman Formation (Late Jurassic) described by Lopez-Ramos (1982), in 
the Sierra Madre Oriental, consists o f  a fine-grained (microcrystalline), well-stratified 
black limestone alternating with thin layers o f  black marl (calcareous lutite). No chert 
was reported. This author also indicated a discordant contact between the Cahuasas 
and the overlaying Taman Formation. The Taman Formation has been observed in the 
region o f Mazatepec, Puebla (Lopez-Ramos 1982).
The Pimienta Formation, within the Sierra Madre Oriental Subprovince, is 
described by Lopez-Ramos (1982) as black or dark gray, well-stratified limestone, 
with thin bedding. It contains abundant layers o f  black chert. Its base is concordant 
with the Taman Formation. According to Lopez-Ramos (1982), this formation extends 
continuously from Teziutlan, Puebla to south o f Galeana, Monterrey.
The Tlaxiaco Basin is believed to have begun accumulating sediments during 
the Early Jurassic. Continental sediments were deposited during the Early to Middle
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Jurassic, and these were succeeded by marine sediments towards the Late Jurassic 
(Erben 1956: cited in Moran-Zenteno 1994). An example o f  a marine unit is the 
Cidaris Limestone, deposited in the Mixtepec-Tlaxiaco area (Erben 1956: cited in 
Moran-Zenteno 1994 and Lopez-Ramos 1981). To the south o f  Puebla, Perez et al. 
(1965: cited in Moran-Zenteno 1994) described the Chimeco and Mapache Formations 
consisting o f  limestone, argillaceous limestone, and calcareous shales. Both 
formations are depicted in Table 1 within the column reported by De Csema (1970: 
cited in Erffa et al. 1976). Lopez-Ramos (1981) reported that De Csema et al. (1965) 
studied the Chimeco and Mapache Formations to the west o f  Petlalcingo, Puebla (NW  
o f the Tlaxiaco Basin). Moran-Zenteno (1994) presented in his Table 3.2, the 
stratigraphic correlations for southern Mexico. The column for Zapotitlan-Tlaxiaco, 
within the Mixteco Terrane, listed the Chimeco Formation as coeval to the Cidaris 
limestone, and both are overlain by the Mapache Formation.
3.1.4. Cretaceous Rocks
Although Fries (1960) described an area west o f  the study area for this project, 
his report is important because it correlates the units he worked on and the units 
reported to the east and within the study area. A  wide range o f  paleotopographic 
marine environments existed during the Cretaceous, and these produced the diverse 
Ethologies o f  that time. The environments o f  deposition include continental lagoons 
and shallow water marine basins and extend to middle depth and abyssal sites. 
Depending on their location and fossil characterization, Cretaceous limestone deposits
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have been assigned to different formations by Mooser et al. (1996). Erffa et al. (1976) 
followed the reports by Salazar (1970) and Gutierrez (1971) to describe the 
Cretaceous limestones that form the Tentzo Cordillera, el Serrijon de Amozoc, the 
Cerros Pinon, and cover a large area in the southern part o f the Puebla-Tlaxcala 
region.
3.1.4.1 Early Cretaceous Rocks
Erffa et al. (1976) reported the Atzompa Formation (based on the report by 
Gutierrez 1971) to be one o f  the units o f  the Early Cretaceous (instead o f  Late Jurassic 
as reported by Mooser et al. 1996), but they did not indicate the location or name o f  
equivalent units in the study area. The formation was described as a series o f  red, 
greenish, red-purple or yellow marls and argillite that are overlain by multicolored 
sandstone. The Neocomian (Early Cretaceous) age given to the formation was based 
on the fossil assemblage in a bed o f  calcareous clay up to 50 m thick in the lower part 
o f the formation.
According to the report o f  Consejo de Recursos Minerales (1998), the 
Teconcoyunca Group (middle Jurassic) is discordantly overlain by geologic units 
consisting o f  conglomerate, sandstone and siltstone with lenses o f  limestone with 
Lower Cretaceous fauna. In that report these units are identified as the Atzompa 
Formation (Tarango 1968), Nexapa (Zozaya 1970) and the Cicapa Group (Quezada 
1971) (only the Cicapa [Zicapa in their column] Group is depicted in their 
stratigraphic column).
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The following formations have been assigned to the Early Cretaceous by 
Mooser et al. (1996): Xochicalco, Orizaba, El Doctor and Morelos. Except for the El 
Doctor Formation (which is reported only in Hidalgo and Queretaro), the other 
geologic units crop out in the states o f  Morelos, Mexico, Queretaro, Puebla and 
Hidalgo. Since other authors assigned the Orizaba and Morelos Formations to the 
Middle Cretaceous, the descriptions o f  Mooser et al. are included in that section.
The brief descriptions o f  the Xochicalco Formation given by Mooser et al.
(1996) and Erffa et al. (1976) are based on the previous description o f  the formation 
by Fries (1960) for the Morelos-Guerrero area, but they do not indicate where in the 
Puebla area this formation is observed. On the other hand, Fries (1960) did not 
indicate that the Xochicalco Formation is exposed in Puebla, but he stated that the 
contemporaneous rocks o f  this formation are the Zapotitlan, San Juan Raya and 
Miahuatepec Formations reported for the eastern part o f  Puebla State. The Xochicalco 
Formation was described by Fries (1960) as containing successive layers o f  dense 
limestone o f  variable thickness, its color varying from dark gray to black depending 
on the carbonaceous content. The upper part contains abundant layers o f  interbedded 
chert. The lower part contains less chert, and the average thickness o f  the layers 
increases toward the bottom. The overall thickness o f  the Formation was estimated to 
be no less than 500 m. Based on the analysis o f  its fossil assemblage, the age o f  the 
Xochicalco Formation was assigned to be Aptian (Upper Early Cretaceous).
According to Fries (1960) and Lopez-Ramos (1981), the Early Cretaceous 
Zapotitlan and San Juan Raya Formations are exposed in the Tehuacan area (southeast
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o f  the study area, not depicted in the map o f my study area). These formations form 
part o f  the Puebla Group (Lopez-Ramos 1981; Erffa et al. 1976; Moran-Zenteno 
1994). The Zapotitlan Formation consists o f  calcareous lutite and argillaceous 
limestone, interstratified with lenses o f  more nearly pure limestone (Calderon-Garcia 
1956: cited in Fries 1960). The San Juan Raya Formation, which overlies the 
Zapotitlan Formation, is at least 1300 m thick (Moran-Zenteno 1994) and consists o f  
calcareous lutite with thin interstratified layers o f  calcareous sandstone and lenses o f  
coquina that are not laterally extensive (Fries 1960). Toward the north-northeast o f  the 
study region, the San Juan Raya Formation undergoes a facies change and it is 
correlated with the Miahuatepec Formation, which consists o f  alternating beds o f  
limestone and black chert, with chert decreasing toward the top, while argillite content 
increases upward (Fries, 1960). According to Fries (1960), the Miahuatepec Formation 
is more similar in lithology to the Xochicalco Formation than either o f  the other two 
Formations (Zapotitlan or San Juan Raya).
The Lower Tamaulipas Formation, which represents a basin facies, was 
reported to crop out as far south as the Teziutlan Region (Lopez-Ramos 1982). This 
formation consists o f  fine-grained dense limestone, with a total thickness o f  about 400 
m (Lopez-Ramos 1982).
3.1.4.2 Middle Cretaceous
3.1.4.2.1 Morelos Formation. There is some discrepancy within the 
descriptions provided by the different authors listed in this report about the Morelos
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Formation and its equivalent formations described in different regions. These 
discrepancies are pointed out in this chapter as the formations are discussed. A  partial 
explanation for the discrepancies is that, because the deposits are extensive and their 
deposition occurred on an irregular surface, it has been difficult to find an outcrop that 
characterizes the entire sequence.
The name Morelos Formation was proposed by Fries (1960) to describe a thick 
succession o f  limestone and dolomite o f  Cenomanian-Albian (Middle Cretaceous) age 
that crops out in the states o f  Morelos, Mexico and Guerrero and, according to 
Guzman (1950: cited in Fries 1960), in western Oaxaca and southwestern Puebla. The 
following information about the Morelos Formation is summarized from Fries (1960). 
It contains two members: 1) a carbonate member, which includes dolomite and cherty 
deposits containing nodules, lenses, grains and silicified fossil fragments, and 2) the 
anhydrite member, which is considered to be the basal part o f  the formation, but which 
has not been seen in every contact between the underlying Xochicalco Formation and 
the Morelos Formation. The Morelos Formation has a variable thickness for two main 
reasons: 1) local erosion and 2) deposition that took place on an irregular surface 
forming local “calcareous beds.” The thickness o f  these deposits is at least 900 m 
within the central part o f  the state o f  Morelos.
Figure 3.1 compares stratigraphic columns o f  several authors for the regions o f  
Guerrero, Morelos, Puebla, and Oaxaca States. These include columns by Salazar 
(1970), Gutierrez (1971) and Erffa et al. (1975). The three authors, all cited in Erffa et 
al. (1976), indicated that the Orizaba Formation is coeval with the Morelos Formation
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(listed there under the column o f Fries 1960) and with the Cipiapa Formation (listed 
under the column by Calderon-Garcia 1956). The Cipiapa Formation is described for 
the Tehuacan, Puebla region by Calderon (1956: cited in Moran-Zenteno 1994) as a 
sequence o f  massive micritic and biomicritic limestone with chert nodules.
Mooser et al. (1996) in his reports for the Comision Federal de Electricidad 
(Federal Electric Commission in Mexico) to SOAPAP cited in Geotecnologia (1997) 
indicated the Orizaba and Morelos Formations as contemporaneous, assigned to the 
Lower Cretaceous. With respect to their environments o f  deposition, both formations 
were ascribed to shallow marine continental shelf environments. The Morelos 
Formation, also ascribed to deposition in a lagoon environment, contains gypsum and 
dolomite at the base (described in the locality o f  the Alto Amacuzac, where it contains 
rudists, beds o f  corals and bivalves). The Orizaba Formation is also succinctly 
described as thick deposits o f  limestone. According to Mooser, cited in Geotecnologia
(1997), both formations have karstic features, and the thickness o f  the entire sequence 
o f  the Lower Cretaceous is approximately 1000 m.
Erffa et al. (1976) indicated that although the Orizaba Formation, reported by 
PEMEX (1958/1959: cited in Erffa et al. 1976), and the Morelos Formation, described 
by Fries (1960), are o f  the same age, they differ in lithology because they formed 
under different environmental conditions. These authors indicated that the Orizaba 
Formation (found at the summit o f  the Tentzo Ridge and the Pinon Hills) is composed 
o f limestone formed in reefs, rich in fossils and with a thickness o f  approximately 
1000 m. On the other hand, the Morelos Formation is composed o f  compact yellow-
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colored limestone deposited over large isolated banks in coastal zones o f  shallow 
water or in small banks close to the coast. According to Fries (1960), the environment 
o f  deposition for the Morelos Formation is similar to the modem banks in the 
Bahamas (where the term “Bahamita” is used to describe the type o f  deposit and 
associated environment). According to Erffa et al. (1976), a line between Atlixco- 
Huaquechula in Puebla separates the Orizaba Formation (cropping out to the east o f  
the line) from the Morelos Formation (which is observed to the west o f  the line).
3.1.4.3 Late Cretaceous
3.1.4.3.1 Cuautla Formation. In the study area, Erffa et al. (1976) reported that 
folded strata o f  the Cuautla Formation are exposed at the Tenzo Ridge, where, in the 
southwest, the strata were described as light yellow massive limestone, partially 
dolomitized and approximately 900 m thick. To the east, they are described as thinly 
bedded, grey clayey limestone approximately 300 m thick. Both facies are interpreted 
to be from abyssal and platform environments (Gutierrez 1971: cited in Erffa et al. 
1976). In the same report, they referred to the Maltrata Formation as coeval with the 
Cuautla Formation, but o f  different facies. Both formations were assigned to the 
Turonian (Late Cretaceous). The Maltrata Formation was described as thinly-bedded, 
reddish and grayish, clayey, compacted limestone, containing dark grey chert nodules. 
Its thickness was estimated to be approximately 300 to 400 m. The strata are intensely 
folded, forming isoclines whose axes are parallel to the summit o f  the ridge. The
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Maltrata Formation is observed in the hills o f  Amozoc, in the Sierra Teapa and in the 
Sierra de Tetzoyocan (Tochtepec Hills in the maps) (Erffa et al. 1976).
Fries (1960) originally named and reported the Cuautla Formation (Late 
Cretaceous) in the vicinity o f  the town o f the same name in Morelos state. He 
indicated that the Cuautla Formation consists o f  three main facies: 1) a thick 
succession o f  medium to thick limestone layers, o f  a type known as “bahamita” 
because their environment o f  deposition was similar to that found in modem Bahama 
banks, 2) a thinner succession o f laminated thin to medium limestone layers and, 3) a 
thin succession o f  medium to thin clastic limestone layers. The first facies 
predominates in the region mapped by Fries (1960). Its lithology was described as 
thick, massive calcareous-lutite, calcareous-siltstone, and calcareous-sandstone o f  the 
calcareous bed or “bahamita” type. Nodules, lenses and irregular masses o f  chert are 
abundant in several layers. The deposits are also rich in partially or totally silicified 
fossils (mdists, gastropods and corals). Commonly, the basal part o f  the Cuautla 
Formation consists o f  fine-grained calcareous conglomerate or clastic calcareous- 
sandstone with a variable mix o f  clay. The maximum thickness o f  the formation is 
approximately 700 m, and it is observed to the west o f  Yautepec within the Sierra 
formed by the Ectopan hills, Monte Negro, and Barriga de Plata (Fries 1960 p 63).
Mooser et al. (1996) assigned the Soyatal, Mendez, San Felipe, Agua Nueva 
and Mezcala as Late Cretaceous Formations; the first four formations are reported for 
the northern part o f  the study area, and the Mezcala Formation for the southern part 
(Morelos and Puebla). The Mezcala Formation was reported to consist o f  marls,
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sandstone and lutite, and thin to medium layers o f  limestone interstratified with lutite. 
In some parts, it has bentonitic horizons (Mooser et al. 1996; Geotecnologia 1997 -  
tomo I). According to the report o f  Geotecnologia (1997: tomo III, appendix K, in the 
hydrogeology section), the Mezcala Formation is also known as the Mendez or 
Maltrata Formations, depending on the locality in which it is exposed. In the 
Geotecnologia (1997) report (Tomo III appendices K geology section), the Agua 
Nueva, San Felipe and Mendez were mentioned as part o f the sedimentary rocks 
observed in Puebla state. In any case, these deposits are ascribed to an Alpine Flysh 
deposition, related to the beginning o f  the Laramide Orogeny. They comprise a 
thickness o f  2000 m. Lopez-Ramos (1982) listed Agua Nueva, San Felipe and Mendez 
Formations as the Cretaceous units observed in the Acaxochitlan-Villa Juarez, Puebla 
and Poza Rica, Veracruz regions (for the Tamaulipas-Misantla Basin).
South o f  Hidalgo, the Soyatal Formation was described by Wilson et al. (1955: 
cited in Fries 1960) as clastic limestone units o f  thin layers and few interstratified thin 
deposits o f  lutite. The limestone layers o f  the Soyatal Formation were considered 
equivalent to the Agua Nueva Formation (which is the lower unit o f  the Xilitla Group) 
reported for the areas south o f Hidalgo and southeast o f  San Luis Potosi by Bondelos 
(1956: cited in Fries 1960).
3.1.4.3.2 Mexcala Formation. The Consejo de Recursos Minerales (1998) 
succinctly described the Mexcala (Late Cretaceous) Formation as a calcareous flysh 
that transitionally overlies the Morelos Formation (they did not report the Cuautla
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and/or Maltrata Formations) and underlies discordantly the conglomerates o f  the 
Balsas Formation and the Tertiary volcanic rocks.
Erffa et al. (1976) indicated that clastic sedimentation associated with flysh 
facies started with the Mexcala Formation, in the Late Cretaceous. They indicated that 
within the study area, the Mexcala Formation crops out in the Tentzo Ridge and the 
Amozoc Hills and to the east o f  the Pinal Hill, stressing that the widest outcrops are 
observed within the Rio Atoyac Valley (Erffa et al. 1976). They summarized and 
subdivided the Formation into conglomerate, sandstone and calcareous pelite, with 
only calcalerous pelite, and conglomerate at the base. According to their Table 1, the 
Mexcala Formation concordantly overlies the Maltrata and Cuautla Formations and is 
overlain discordantly by the Balsas Group.
Fries (1960) named and described the Mexcala Formation for Morelos state 
(his mapped area). He described it as stratified layers o f  sandstone, siltstone and 
calcareous lutite that overlie the Cuautla Formation. As the deposition progresses 
toward the top, the number o f  interstratified layers o f  sandstone or sub-graywacke 
increases. Also, some layers o f  fine-grained conglomerate are observed. The sandstone 
or fine-grain sub-graywacke consists o f  clastic detritus o f limestone and dolomite 
(from underlying layers), with secondary quartz and rare, completely altered feldspar 
and mafic minerals. Toward the uppermost layers the content o f  carbonate grains is 
reduced significantly.
Fries (1960) presented chemical analyses o f  samples from the Mexcala 
Formation. He compared them to sediments from localities o f  active tectonism.
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Samples collected were: quartzite, taffogeosynclinal sediments (arkose), 
eugeosynclinal sediments (high grade greywacke), and exogeosynclinal sediments 
(low grade graywacke). This suite o f  samples led Fries (1960) to the interpretation that 
the Mexcala Formation represents an exogeosynclinal deposit, in which the original 
source (especially for deposits o f  the middle and upper part), was igneous rock o f  
intermediate composition located to the southwest and west.
The original thickness o f  the Mexcala Formation cannot be determined 
because erosion has removed a major part o f  the upper layers; however, measurements 
provided by Bohnenberger (1955: cited in Fries 1960) indicated a thickness o f  at least 
1220 m.
3.1.4.4. Cretaceous Evaporites
The Consejo de Recursos Minerales (1998) reported the Huitzuco Anhydrite, 
which is composed mainly o f  anhydrite and gypsum, to be found overlying the Early 
Cretaceous Atzompa and Nexapa Formations and Cicapa Group in the central part o f  
their Cuervanaca sheet, E l 4-5. The type locality (the town o f  Huitzuco) is located 
approximately 70 km south o f Cuernavaca (Lopez-Ramos 1981).
Anhydrite, at the base o f  the Morelos Formation, is well documented by Fries 
(1960) in several areas in Morelos and Guerrero. Deposits found to the east and 
southeast o f  Lake Tequesquitengo, extending to Iguala, were attributed to the Middle 
Cretaceous (Lopez-Ramos 1981). Fries (1960) observed that the surface o f  the 
anhydrite outcrops to the south o f  Huitzuco contain gypsum, which he considered to
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have been formed as result o f  the hydration o f anhydrite by groundwater. Other 
authors (McAllister and Hernandez Ortiz 1945; and Santillan 1929: both cited in Fries 
1960) attributed the presence o f  anhydrite and dolomite to the hydrothermal 
replacement o f  limestone. Mooser, in the report o f  Geotecnologia (1997) indicated the 
presence o f  gypsum and dolomite at the base o f  the Morelos Formation seen in the 
Alto Amacuzac in the western part o f  Morelos State. The environments o f  deposition 
for this formation ranged from continental lagoon to marine shelf. The formation 
includes reefs o f  rudists, and banks o f  snails and shells (Mooser et al. 1996 and 
Geotecnologia 1997).
According to Lopez-Ramos (1979: cited in Moran 1994), two wells drilled at 
the center o f  the Tlaxiaco Basin (Yacuda no. 1 and Teposcolula no. 1) cut a sequence 
o f  more than 2500 m o f Upper Jurassic and Lower Cretaceous evaporites. These 
evaporites are formed o f anhydrite, limestone and dolomite, and they are similar to the 
rocks reported at the base o f  the Morelos Formation in the Morelos-Guerrero Basin 
(Lopez-Ramos 1981). To the west o f  Juxtlahuacan, Oaxaca, Lopez-Ramos (1981) 
reported thick gypsum layers underlying the Teposcolula limestone. Thick layers o f  
anhydrite (assigned to the Aptian -M iddle Cretaceous) have been reported in the 
western part o f  the Veracruz Basin (Lopez-Ramos 1981). No evaporites were reported 
for the southern parts o f  the Sierra Madre Oriental and the Tampico-Misantla 
Subprovinces (Lopez-Ramos 1982).
More than 900 m o f  anhydrite were found at the base o f  the Morelos 
Formation and overlying the Nexapa Formation (classified by PEMEX geologists as
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limestone) when the Ticuman 2 well was drilled southeast o f  Cuernavaca, Morelos 
(Lopez-Ramos 1981).
3.1.5. Tertiary and Quaternary Rocks
The Guerrero and Mixteco terranes (the latter o f  which is located within the 
study area) are overlain by the Balsas group, Tilzapotla rhyolites (K-Ar 38.2 ± 1 Ma 
(Alba-Aldave et al. 1996), and the Tepoztlan and Buena Vista Formations (mainly 
composed o f  andesites) (Fries 1960: cited in Consejo de Recursos Minerales 1998). 
The endorreic basins are filled by the Miocene-Pliocene Coayuca and Oapan 
Formations, composed mainly o f  clayey material, calcareous horizons and gypsum 
(Consejo de Recursos Minerales 1998).
There are several Tertiary intrusive bodies, some o f which have been dated: 
e.g., in the Balsas area a granodioritic intrusive was dated as 66.1 ± 1 .5  m.y. (K-Ar, 
Damon et. al. 1982: cited in Consejo de Recursos Minerales 1998). Also, the 
intrusives in Piedra Parada, Coxcatlan and Tlayca, provide ages o f  55 ± 6, 50 ± 10 and 
30 ± 3, respectively.
3.1.5.1. Eocene-Oligocene Non Volcanic Rocks (Balsas Group)
The Balsas Group is characterized by great variability in lithology as well as 
thickness and areal extent. It contains the oldest post-orogenic formations deposited 
after the Laramide Orogeny (Fries 1960: Erffa et al. 1976; Mooser et al. 1996). 
Although Fries (1960) provided a detailed description o f  the Balsas group, he
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suggested that the group could be subdivided into more lithologic units in future 
studies. The major outcrops he described are outside the study area, toward the 
geographic limits between the Morelos and Guerrero States within the Mexcala-Balsas 
basin. However, he indicated that units o f  this group also occur in Puebla State. The 
thickness o f  the Balsas group is extremely variable from location to location, but the 
thickest sediments are found in grabens or synclines that were the result o f  faulting 
and/or folding (Fries 1960).
According to the general description by Fries (1960), the Balsas Group 
includes diverse rocks: evaporites with some gypsum lenses, lacustrine limestone, 
conglomerate rich in limestone, conglomerate rich in volcanic material, sandstone 
tuffs, siltstone tuffs and clays, as well as breccias and volcanic tuffs and interstratified 
lava flows. Some o f  the sedimentary layers are well cemented whereas others have not 
been lithified.
Fries (1960) indicated at least four different lithologic types o f  the Balsas 
Group, each o f  them having a different average thickness. The most characteristic 
lithologic type is limestone conglomerate with a calcareous matrix. This type varies 
from moderately to well cemented, from medium to coarse grained, and from 
massively to thickly stratified. These deposits are normally found at the base o f  the 
group and are called “red conglomerate.” The matrix o f  the conglomerate found in the 
Amarillo Hill (Fries, 1960) is formed o f sandstone, silt and clay, with iron oxides and 
calcite as cementing elements. They vary in thickness to a maximum o f 500 m (Fries, 
1960).
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The most voluminous o f  the rock types o f  the Balsas Group are layers o f  silt, 
sand and clay that normally overlie the red conglomerate. These are slightly lithified 
and occur together with minor layers o f  interstratified, fine-grained limestone 
conglomerate intermixed with considerable amounts o f  tuff. In some places, the lower 
part o f  the sequence contains several interstratified lava flows o f  variable composition. 
Its total thickness exceeds the thickness o f  the other lithologic types, with limits 
between 800 to 2000 m (Fries 1960).
Layers o f  gypsum occur in the Balsas Group as lenses interstratified with the 
fine-grained clastic layers described above. The total thickness o f  these deposits may 
reach approximately 30 m around the Oaxtepec area. Fries (1960) attributed the 
presence o f  gypsum in the Balsas Group to the groundwater dissolution o f  anhydrite 
from the Morelos Formation, carried to the surface through veins and re-deposited as 
gypsum in the Balsas Group.
Layers o f  lacustrine limestone 20 to 70 cm thick are reported only to the west 
and southwest o f  the town o f Emiliano Zapata (Fries 1960). This lacustrine limestone 
is porous and hard with colors ranging from light yellow to dark yellow or greenish. It 
has a total thickness o f  approximately 60 m.
In a more recent study than that o f  Fries (1960), Erffa et al. (1976) reported a 
thickness for the Balsas group o f 200 m; they did not specify where this thickness is 
observed. In the Puebla-Tlaxcala area they assigned an Early Tertiary (Eocene and 
Early Oligocene) age to red conglomerate, associated with the Balsas Group that crops 
out prominently along the flanks o f  the Tenzo Cordillera (southeast o f  the study area).
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Erffa et al. (1976) did not report volcanic clasts within the conglomerates; 
instead, they found cobbles o f  Cretaceous limestone, chert and sandstone to be the 
main constituents o f  the conglomerates, together with lesser amounts o f  sandstone and 
slate from the Jurassic Acatlan Formation. To the southwest o f  the study area, Erffa et 
al. (1976) reported red sandstones as well as conglomerates that contain quartzite, 
sandstone and quartz. The diversity o f  materials within the conglomerates reflects the 
different source areas for these deposits.
Mooser et al. (1996) gave Balsas rocks a formation status and described them 
as a geologic unit composed mainly o f  sandstone, conglomerate and continental sandy 
mudstone. They reported the conglomerate deposits to be commonly found as alluvial 
fans and river channel fillings, frequently cut by normal faults (Mooser et al. 1996; 
Geotecnologia 1997). For example, within the Valsequillo area, a graben between the 
Tentzo and Amozoc Sierras is filled by the Balsas deposits. Mooser et al. (1996) 
characterized the Balsas Formation as a molasse deposit o f post orogenic alpine origin. 
Since these deposits are the result o f  Laramide anticlinal erosion, limestone clasts and 
scarce volcanic clasts are observed in the south o f  Puebla (Geotecnologia 1997).
Dating the Balsas Group is difficult because o f  the lack o f fossils and the 
diverse sources for the different lithologies; however, a radiometric date o f  a zircon 
analyzed by H.W. Jaffe (cited in Fries 1960) obtained from the Tilzapotla Rhyolite 
(located in Morelos), that overlies the Balsas Group, provides an age o f  26 million 
years (late Oligocene) for the rhyolite. This would indicate a pre-Miocene age for the 
Balsas Group. Comparing other ages reported for other geographic locations, e.g.
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Valle del Rio Amajac (Pachuca group) by Segerstrom (1956: cited in Fries 1960) and 
el Marfil in central Guanajuato by Edwards (1955: cited in Fries 1960), and assuming 
those deposits are equivalent to the Balsas Group, then the Group could be situated in 
the geologic column somewhere between the late Eocene and the middle Oligocene. 
Fries (1960) suggested that the main part o f  the group is older than the middle 
Oligocene. Alba-Aldave et al. (1996: cited in Consejo de Recursos Minerales 1998) 
have reported a K-Ar age o f  38.2 ± 1 .0  Ma for the Tilzapotla rhyolite and rhyolitic 
tuffs.
3.1.5.2. Oligocene Volcanism
Mooser et al. (1996) suggested that the volcanism produced between the 
Oligocene and the early Miocene is related to subduction o f  the Farallon Plate beneath 
the North American continent. This subduction generated volcanic arcs with north- 
south alignment, and produced horsts and grabens: The Mixhuca graben, located 
within the Mexico Basin and filled with its own effusive deposits, is an example o f  
this activity. In the Mexico Basin, these deposits are 1000 to 1500 m in thickness. 
Mooser et al. (1996) identified remnants o f  a caldera (affected by north-south 
faulting), located 15 km southwest o f  the Valsequillo Dam, located within the study 
area (Puebla Valley). Most o f  the volcanic material associated with these periods is 
intermediate in composition, although some basic and acid volcanics o f  unspecified 
thickness were reported (Mooser 1996). The report o f  Consejo de Recursos Minerales 
(1998) did not provide a specific description o f  these deposits in the study area, except
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for the rhyolitic rocks constituting the Tilzapotla Formation (ToR), originally 
described by Fries et al. (1960). That report indicated that the coeval andesitic 
Tepoztlan and Buenavista Formations partially cover the Tilzapotla Formation (Fries 
1960: cited in Consejo de Recursos Minerales 1998).
3.1.5.3. Miocene Volcanism
3.1.5.3.1. General Description. The volcanism in the Miocene is associated 
with the subduction o f  the Cocos Plate in front o f  the Acapulco trench (Mooser, 
volume VI, cited in Geotecnologia 1997). The volcanic deposits located south o f  Mt 
Popocatepetl, depicted in the Mooser (1996) map with the symbol (Tmv), are assigned 
to the Miocene, and were identified as remnants o f  a caldera. (The eruptive center o f  
the caldera has not been identified.) These authors also classified the volcanic deposits 
between Valsequillo and Atlixco as tuffs and pyroclastics interbedded with gravel and 
fluvial sandstones. Those deposits are approximately 100 to 200 m thick and are 
labeled the Caulapan Tuff, indicated by the (TmCa) symbol in the map o f  Mooser et 
al. (1996: cited in Geotecnologia 1997 -volum e I and appendix K in volume VI). Erffa 
et al. (1976) referred to the intrusive rocks o f  the Coatepec Hill, located NE from 
Valsequillo, as part o f  the igneous activity in the area during the Miocene.
Mooser et al. (1996) distinguished the deposits o f  the Miocene from those 
produced in the Oligocene based on their fracturing directions. The Miocene deposits 
are characterized by west-east fracturing. Also, the same authors indicated that the 
volcanic deposits o f  the Miocene are less affected by tectonic activity than earlier
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deposits, indicating that it is easier to identify their original structures: domes, cones 
and calderas. However, Erffa et al. (1976) reported that the Miocene volcanic rocks o f  
the Barranca Seca, with a thickness o f  approximately 200 m, are strongly eroded to the 
point that it is not possible to recognize volcanic forms. These deposits are the core o f  
the Huamantla Sierra in the NE o f the study area, and are mostly covered by the 
lacustrine sediments o f  Tlaxcala (Erffa et al. 1976).
South o f  Valsequillo, the Ixcalo unit (diverse volcanic deposits), represented 
by the (Tix) symbol in the Mooser et al. (1996) map, and showing an east-west 
alignment, overlies the Caulapan tuff (pyroclastic deposits o f  plagidacitic 
composition) (Malde, 1968: cited in Erffa et al. 1976). Due to their orientation, the 
Ixcalo deposits were assigned to the Miocene or early Pliocene by Mooser et al.
(1996); even though, according to Erffa et al. (1977: cited in Mooser et al. 1996), 
Malde had assigned the Ixcalo unit to the Late Pliocene.
The Consejo de Recursos Minerales (1998) did not describe any particular 
volcanic deposits associated with the Miocene. However, in their geologic column 
they applied the TmplA, TmplLh, and TplLh symbols to the Miocene-Pliocene 
deposits. These symbols are briefly described as andesite, lahar and lahar, 
respectively. Also, they succinctly described clayey material, fragments o f  limestone 
and gypsum to be the constituent sediments o f  the Coayuca and Oapan Formations. 
Such deposits filled endorreic basins in the study area. They assigned the symbol 
TmplVc-Y in their geologic column to indicate the sediments o f  the Miocene- 
Pliocene. The terse description o f the Miocene volcanic deposits and the lack o f
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reference for the units in the report prepared by the Consejo de Recursos Minerales
(1998), make it very difficult to accurately correlate those units with the ones 
described by Mooser et al. (1996). However, by comparing the two maps and 
observing where the units o f  interest are located, one can deduce that the TmCa 
(Caulapan tuff o f  Mooser et al. 1996) is equivalent to the TplLh (Lahar o f  Consejo), 
and that the Tix (Ixcalo volcanic deposits o f  Mooser et al. 1996) is equivalent to the 
TmplA o f  Consejo, even though this correlation reverses the stratigraphic order (see 
the legends for both maps).
3.1.5.3.2. Sierra Nevada Volcanic Field. This field is comprised o f  the 
Telapon, Iztaccihuatl and Popocatepetl volcanoes. The oldest deposits are those o f  the 
Tlaloc Formation (related to Mt Telapon), a complex o f  rhyo-dacitic flows, exposed in 
the Sierra o f  Rio Frio, interbedded with sediments and tuff o f  the Tarango Formation 
(Consejo de Recursos Minerales 2002). Mt Iztaccihuatl, located south o f  Telapon, 
consists o f  porphyritic andesites with pyroxene phenocrysts (Mooser 1962: cited in 
Consejo de Recursos Minerales 2002). The most recent volcanic event within the 
Sierra Nevada is an eruption o f  the andesitic-basaltic San Nicolas lava flow, located 
on the eastern flank o f Mt Popocatepetl.
According to the report o f  Consejo de Recursos Minerales (2002) Sierra 
Nevada volcanism began during the Late Miocene-Early Pleistocene. However, 
Mooser et al. (1996) suggested that it began developing in the late Pliocene, because 
its deposits overlie the lacustrine deposits o f  the Middle Pliocene.
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The youngest stratovolcano o f  the Sierra Nevada is La Malinche, located in the 
northeastern part o f  the study area. Undifferentiated andesites are exposed at the base 
o f  the La Malinche volcanic field, and they are succeeded, in the stratigraphic column, 
by more andesites and basalts (QptA-B7) (Consejo de Recursos Minerales 2002). The 
undifferentiated andesites are considered to be part o f  the Humeros-Acoculco Caldera 
Complex to the northeast o f  the study area. Other pyroclastic deposits and domes 
(QpthoTDA), described by Castro G (1999; in Consejo de Recursos Minerales, 2002), 
are related to the evolution o f  the Malinche volcano. On the periphery o f  this field 
there is more Holocene volcanism (QhoA-B5).
Filling the basins o f  Puebla-Tlaxcala and Calpulalpan is the Calpulalpan 
Formation (TplQptla2) that consists o f  a sequence o f  tuffs, alluvial deposits o f  
volcanic origin, and thin layers o f  pumice and diatomite. Their 14C ages range from
46,000 to 1420 bp. There are also alluvial deposits filling the valleys o f  Mexico, 
Toluca and Puebla. They consist o f  gravel, sands, ash and clays; their thickness varies 
from 30 to 300 m (Consejo de Recursos Minerales 2002).
3.1.5.4. Pliocene -  Pleistocene Volcanism
Mooser et al. (1996) differentiated the Ixcalo Unit, described above, from the 
Ixcalo lavas (both originally described by Malde 1968: cited in Erffa et al. 1976) based 
on the tectonic control affecting them. The latter are characterized by north-northwest 
tectonic control and were assigned to the Early Quaternary (Mooser 1996). During the 
middle Pliocene, many endorreic shallow basins developed and later filled with
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lacustrine deposits (Mooser et al. 1996). Tlaxcala, Tula, Hidalgo, San Juan del Rio, 
Chalma, in Mexico state, and Morelos (under the Tepozteco) are the places where 
Mooser et al. (1996) reported lacustrine deposits. Erffa et al. (1976) described the 
lacustrine sediments in the northern part o f  the Tlaxcala and Huamantla blocks, as 
sediments o f  pyroclastic origin re-deposited in lakes. They also indicated that the 
clayey sediments predominantly found within the lacustrine deposits resulted from the 
chemical alteration o f volcanic minerals. The presence o f  the mineral nontronite 
within the clays suggests chemical alteration o f  the original particles due to interaction 
with brackish water, probably at the site o f  deposition (Erffa et al. 1976). The 
maximum thickness reported for these lacustrine deposits is 300 m beneath Mexico 
City (Mooser et al. 1991: cited in Mooser et al. 1996). In several places, the lacustrine 
deposits are interbedded with volcanic rocks, ranging in chemical composition from 
andesite to basalt rich in olivine (Mooser et al. 1996).
According to Erffa et al. (1976), there are ignimbrite deposits at the base o f  the 
Malinche volcano and in the Tlaxcala block. These are considered to be part o f  the 
ignimbrites o f  the Central Province.
Volcanism associated with the Pleistocene, and observed in the northern part 
o f the study area, includes the El Penon Andesite Formation (the base o f  the Humeros- 
Acoculco volcanic field) (Consejo de Recursos Minerales 2002).
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3.2. Tectonics
The study area falls within the east-central part o f  the TMVB that has been 
subject o f  debate with respect to its origin and evolution (Ferrari et al. 2000; Ferrari et 
al. 1999; Marquez et al. 1999; Pardo and Suarez 1995; Ferrari et al. 1994).
A  distinctive characteristic o f  the TMVB is its alignment, which has a 15° 
angle with respect to the Middle America Trench (Figure 3.5). Most arcs worldwide 
present a parallel position with respect to their trench. The oblique orientation o f  the 
TMVB could be related to the dynamics o f  the North America- Farallon-Caribbean 
plate (Ferrari et al. 1999). The subducting boundary between the North America and 
Farallon plates has been progressively modified by the eastward motion o f  the Chords 
block (Caribbean Plate) during the Neogene (Moran-Zenteno et al. 1996: cited in 
Ferrrari et al. 1999). However, this is not the only proposed process causing the 15° 
angle o f  the TMVB. Pardo and Suarez (1993 and 1995) attributed it to the shallow dip 
angle o f  the subducting slab in Central Mexico (east o f  Jalisco).
With respect to the evolution and divergence o f  the TMVB from the volcanism  
observed in the Sierra Madre Occidental (SMO), general consensus exists on 
assigning the Middle Tertiary as the starting period o f the TMVB formation (Mooser 
1972; Ferrari et al. 1999; Ferrari et al. 2000). Ferrari et al. (2000) proposed that 
volcanism in the TMVB associated with the oblique subduction o f the Rivera and 
Cocos plates (Nixon et al. 1987 and references therein; Negendank et al. 1985) was 
initiated between approximately 12 and 7 Ma ago. The transition is attributed to a
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progressive counterclockwise rotation o f  the volcanic arc during the Middle to Late 
Miocene (Ferrari et al. 1994: cited in Ferrari et al. 2000; Ferrari et al. 1999).
Figure 3.5. Oblique trench associated with the TMVB
Volcanism in the study area is marked by polygenetic structures, which 
enclose the Puebla Valley. Delimiting the valley to the west is the Sierra Nevada, an 
80-Km-long, north-south trending highland (Schaaf et al. 2005), in which Iztaccihuatl 
is the oldest and northernmost volcano within the study area (Figure 2.2). Nixon et al. 
(1987) reported a maximum age for Iztaccihuatl to be 0.9 Ma, determined by K-Ar on 
whole rock. Mt Popocatepetl, also located within the study area, marks the southern 
edge o f  the Sierra Nevada. Dates for the initial cone o f  Mt Popocatepetl, representing 
the oldest rocks, are not yet available (Schaaf et al. 2005), but the stratigraphic
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succession o f  its deposits indicate its relative younger age compared to Iztaccihuatl 
(Siebe et al. 1995). One o f  the oldest remnants o f  a preexisting edifice is Nexpayantla, 
its highest point is represented by the peak “el ventorrillo” (approx. 5000 masl). The 
age o f  Nexpayantla is estimated between 50,000 y and 780,000 y, based on 
paleomagnetic measurements (Siebe et al. 1995).The present cone o f  the volcano was 
built after a gravitational collapse o f  at least one previous cone. South o f  the volcano, 
Siebe et al. (1995) have identified at least three successive debris-avalanche deposits, 
associated with previous collapses. The last collapse may have happened between
25,000 and 20,000 yr BP (Siebe et al. 1995).
Another major volcanic structure that delimits the Puebla Valley to the east is 
Mt Malinche. Mt Malinche is a composite volcano, that recent studies have revealed 
was last active less than 3,000 y  ago (Castro-Govea, 1999; Castro-Govea et al. 2001).
The described volcanoes have influenced not only the geology and 
hydrogeology o f  the study area, but they have also played a significant role in the 
development and evolution o f pre-Columbian societies. Also, at present, both 
Popocatepetl and (possibly) Malinche still represent a hazard to the surrounding 
communities (Siebe et al. 1995; Siebe et al. 1997; Siebe and Macias 2004).
3.3. Hydrogeology
The structure o f  the aquifer system for the Puebla Valley has been inferred 
(Geotecnologia 1997) from geophysical and borehole data. I have selected two cross- 
sections to illustrate the structure o f  the aquifer system in the Puebla Valley (Figure
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3.6). Their orientation and extent are shown in Figure 3.7, indicated by the cross- 
sections extending W-SE and N-S. Five hydrostratigraphic units were identified by 
Geotecnologia (1997), three o f  them indicated as productive units: Upper Aquifer, 
Middle Aquifer and Lower Aquifer (Table 3.1). However, because depths are not 
indicated in the hydrostratigraphic column, it is not clear where the boundary between 
the Upper Aquifer and Middle Aquifer is with respect to the depth o f pumping wells. 
Therefore, for the geochemistry and hydrology discussed in the present project, I will 
only refer to the Upper Aquifer (unconfined aquifer) and Lower Aquifer (confined 
aquifer).
An important tectonic feature that may play a role in the hydrodynamics o f  the 
aquifer system is an extensional basin buried beneath Mexico City and Puebla (Ferrari, 
2003). The basin is associated with faulting produced during the Oligocene (N-S 
trend) and Miocene (W-E trend) (Mooser et al. 1996) (Figure 3.6).
The upper aquifer in the Puebla Valley, where most o f  the pumping wells are 
located, mainly comprises alluvial and volcanic sediments from the Quaternary and/or 
late Tertiary Period. This aquifer is characterized by medium to high hydraulic 
conductivity, and its maximum thickness is 200 m in the central part. Lacustrine 
deposits from the Pliocene are hypothesized to underlie the upper aquifer. These













G R A B E N  AT LI X CO
H E NE
A N C I E N T  D R A I N A G E
Qal I I Alluvium
T <QptLh-TA2) [ | Lacustrine Limestone, clays, tuff and irregular elastics (Tarango)
Qtr | | Travertine
Qlal (Qbolm-ar) j | Ancient Alluvium
TpL (TplQptla2) [ ~ 1  Tertiary Lacustrine deposits 
Tix (TmplA?) [ | Tertiary volcanic deposits (Ixcalo)
TmCa (TmpILh?) H H I Volcanic deposits from Moicene and  Pliocene
Teob (TeoCgo and TpaeCgp-Ar) | . | Conglomerates, m udstone and sandstone
R. S i  Jose 2 4 0 0
2 3 0 0C u w flo n c in g o  C 'C o r o o o r g o  O c o tlo n A q u o h m o c T e x o lo cR .TIopo loc
2100
2000
G R A B E N  I Z T A C C I H U A T L M A L I N C H EG R A B E N  A T L I X C O
I Km
D IE N T D R A I N A G E
Figure 3.6. Cross sections to illustrate the structure o f  the aquifer system in the study area.
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Figure 3.7. Orientation and extent o f  the cross-sections.
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deposits may contain enough clay to act as a seal that separates the upper unconfined 
aquifer from the lower confined one. The confined aquifer is believed to be in contact 
with Cretaceous limestone, exposed only in the southern part o f  the study area. The 
confined aquifer is characterized by sulfide-rich water.
3.3.1. Previous studies
As explained at the beginning o f  the chapter, because o f  the limited access to 
most o f  the hydrogeology reports, and the fact that most reports obtained are 
incomplete, these are best cited in a table rather than as detailed individual references. 
The most relevant local hydrogeologic reports prepared by consulting companies for 
various government agencies are presented here as Table 3.2.












Geologic and Hydrogeologic Studies o f  the Puebla Valiev
TITLE OF THE PROJECT/STUDY
(Spanish/English) including location and 
extension of the study area (coordinates)
YEAR Institution/Private
Company
Brief Description of the Study Study Cited by
Estudio Geohidrologico Preliminar 
de los Valles de Puebla (alto atoyac) 
y Zahuapan (alto atoyac) en el estado 
de Tlaxcala
[Preliminary Geohydrologic Study of 
the Puebla (Upper Atoyac) and 
Zahuapan (Upper Atoyac) Valleys in 
Tlaxcala state].
1973 Agrogeologia S. A.
Report prepared for 
S.R.H (the Hydraulic
Resources Secretariat)
Obiective: Evaluate the potential of 
the water resources in the Puebla and 
Tlaxcala Valleys.
Results: A census that reported the 
different types of water sources. A 
total of 949 extraction points, 
including 234 deep wells, 679 norias#, 
32 springs and 4 galerias filtrantes. 25 
pumping tests, and water level 
measurements that established the 
piezometric conditions before 
overexploitation(1) are included. The 
total volume extracted from all 
extraction points was 134 Mm3/y.
The recharge was estimated in 244 
Mm3/y; the study recommended to 
extract an additional 60 Mm3/y, this 
promoted the development of the 




(2)e p sc o m  s .c ,
1993












TITLE OF THE PROJECT/STUDY 
(Spanish/English) including location and 
extension of the study area (coordinates)
YEAR Institution/Private
Company
Brief Description of the Study Study Cited by
Servicios de prospeccion y 
levantamientos geologicos y 
geofisicos en los estados de Puebla y 
Tlaxcala [Services for geologic and 
geophysical exploration in the states 
of Puebla and Tlaxcala].
1975 Agrogeologia S. A.
Report prepared for 
S.R.H (the Hydraulic 
Resources Secretariat)
Obiective: to identify the existence 
of a basin filled with lacustrine 
Tertiary deposits in the Mexican 
Altiplane, and investigate the 
Intercommunication among the 
hydrologic basins(1).
Results: Study concluded that the 
aquifer in the Puebla Valley is 
formed by “Tertiary lacustrine 
sandstones and Quaternary basalts 
and tuffs.




*(Studies performed for SOAPAP or CNA are indicated by an asterisk (*)
CHAPTER 4
ISOTOPIC AND GEOCHEMICAL PRINCIPLES
This chapter outlines the geochemical and isotopic principles supporting the 
results discussed in Chapter 6. As indicated in the introduction chapter, the stable 
isotopes applied were: H, C, O and S. Also, 3He/4He ratios were used as traces o f  
mantle-derived gases.
Kinetic and thermodynamic laws, based on the principles o f  quantum 
mechanics, explain the isotopic fractionation o f  light stable isotopes (e.g. H, C, O, B, 
N, Si, and S). The isotopic fractionations caused by chemical and isotopic exchange 
reactions during equilibrium processes are approached by thermodynamic laws. On 
the other hand, isotopic fractionation related to reaction rates, incomplete (non 
equilibrium) or unidirectional processes are explored by kinetic laws. For example, the 
processes o f  evaporation, diffusion and dissociation are dependent upon kinetic laws 
(Criss 1999).
Only the most relevant concepts involved in the discussion o f  results are 
outlined here. For further detail about the principles sustaining the application o f these 
isotopes, the reader is referred to the following literature and that cited in subsequent 
chapters: O’Neil (1986), Criss (1999), Chacko et al. (2001), Cole and Chakraborty 
(2001), and Canfield (2001a).
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4.1. Light Stable Isotopes
4.1.1. Oxygen and Hydro gen
Among the wide applications o f  oxygen and hydrogen isotopes in 
hydrogeology are those used to infer groundwater evolution from meteoric water, 
affected either by evaporation or by mixing processes (Rose et al. 1996; Criss 1999).
Oxygen and hydrogen isotopes were used in the study area to: 1) distinguish 
groundwater from different hydrostratigraphic units within the complex aquifer 
system; 2 ) elucidate sources o f  the water and possible mixing processes among the 
different types o f  water in the aquifer system; and 3) estimate elevation o f  recharge for 
the groundwater in the study area.
As described in the hydrogeology section (Chapter 3), the aquifer system in the 
study area consists o f  at least two hydrostratigraphic units that are currently exploited 
for water supply. These units have distinct geochemical signatures. The uppermost 
unit corresponds to the unconfmed aquifer where most o f the pumping wells are 
drilled. The confined unit contains the sulfur-rich groundwater that emerges from 
artesian springs and wells. The possible water types expected in the study area are 
listed below. The definitions are quoted directly from Sheppard (1986).
Meteoric water. Waters o f  any age that originated as precipitation: rain, 
snow, ice, river, lake, and most low-temperature groundwaters. They 
are derived from ocean water through the atmospheric circulation 
process.
Magmatic water. This water has equilibrated with magma, regardless o f  
its ultimate origin. It refers to the separate aqueous phase and not to all
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types o f  water o f  any speciation (H2O, OH, etc.) that are physically 
dissolved in the magma.
Hydrothermal water. Hot aqueous fluid o f  any origin. When the 
dominant source o f  the water has been identified, the following types o f  
expression are convenient: magmatic-hydrothermal, seawater- 
hydrothermal, etc.
4.1.1.1. The Meteoric Water Line
Meteoric precipitation is the major source for groundwater; therefore, in order 
to interpret the groundwater and surface samples o f  the study area, it is important to 
discuss the Global Meteoric Water Line (GMWL) (Figure 4.1) and the factors causing 
variations in its slope and intercept. Craig (1961b) defined the GMWL, which is a 
general correlation between D/H and 180 / 160  that represents a world-wide isotopic 
average o f  modem meteoric waters.
5D = 8 5180  + 10 (4 -l)
Even though the slope (8 ) and the intercept (10) in the previous equation are 
represented as constants, they vary somewhat from place to place. Processes occurring 
in the atmosphere and near the surface, including mixing o f  air masses, evaporation, 
transpiration, and evapotranspiration, at local and regional scales, may produce 
variations o f  both the slope and the intercept (Dansgaard 1964; Sheppard 1986; Hoefs 
1997; Ingraham 2000; and others cited therein). Also, seasonal trends in meteoric 
precipitation have been reported (Gonfiantini et al. 2001).
Rozanski et al. (1993) (cited in Hoefs 1997) published an updated equation for 
the GMWL
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3D = (8.17 +/- 0.06) 3180  + (10.35 + 0.65) r2= 0.99, n = 206 (4.2)
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Figure 4.1. Isotopic compositions (5180  and 3D) for different types o f  water depicted 
with the Global Meteoric Water Line.
The slope o f  a meteoric water line can be lower or higher than 8 (eq. 4.1). For 
example, tropical islands commonly have a slope o f  approximately 6  (Sheppard 1986).
Gonfiantini et al. (2001) suggested that latitude may play a role in the slope o f  
the 3180-3D  relationship. For example, in temperate regions (latitudes between 30° 
and 60°) the slope o f  the 3lsO-3D relationship calculated from mean monthly data 
published by the IAEA (International Atomic Energy Agency) is > 8 . This observation 
is in agreement with that suggested by Dansgaard (1964), who indicated that a slope
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larger than 8 is attributed to later stages o f  condensation (as clouds move inland from 
the ocean).
4.1.1.2. Deuterium Excess
Deuterium excess (d) is a concept introduced by Dansgaard (1964) to indicate 
non-equilibrium conditions; it is represented by the following equation:
d = 52H - 85180  (4.3)
Mathematically, the deuterium excess is the intercept o f  a meteoric line (eq. 
4.1). This value varies from region to region and reflects kinetic effects (non­
equilibrium fractionation) related to initial evaporation conditions from the ocean 
(Criss 1999). Deuterium excess also reflects “re-evaporation at the land surface, or re­
evaporation and/or mixing along the air mass trajectory” (Merlivat and Jouzel 1979: 
cited in Kreutz et al. 2003).
Merlivat and Jouzel (1979) (cited in Sheppard 1986) indicated that the mean 
relative humidity o f  air masses is the dominating parameter determining the value o f  
the deuterium excess. In addition to low humidity in the atmosphere, high 
temperatures will enhance the kinetic isotopic effect and produce even higher 
deuterium excess values (Jouzel and Merlivat 1984: cited in Frot et al. 2002).
The eastern Mediterranean region is an example o f  low relative humidity 
where high deuterium excess is observed (d = + 22). Correspondingly, low deuterium
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excess is expected when high relative humidity conditions are present, assuming that 
evaporation effects are negligible (Sheppard 1986).
Gonfiantini et al. (2001) reported that the magnitude o f  the intercept in a Local 
Meteoric Water Line (LMWL) is influenced by seasonal changes. For example, in the 
tropics, where the amount o f  precipitation is the main isotopic driving factor, heavier 
isotopic composition, reflected in higher intercepts, was observed for the relatively dry 
winter rain than for summer precipitation (with lower intercepts) (Gonfiantini et al. 
2001). Also, they observed that the d-excess increases with altitude.
4.1.1.3. Evaporation Line (slope o f  the meteoric line!
Evaporation is a nonequilibrium physical process in which isotopically light 
water molecules (with greater translational velocities) escape preferentially from the 
liquid phase, leaving the residual liquid enriched with heavy isotopes (O’Neil 1986; 
Mazor 1991; Criss 1999).
Local kinetic conditions o f  evaporation influence the slope o f  an evaporation 
line (Craig et al. 1963; Ingraham and Criss 1993: cited in Rose et al. 1996). Natural 
evaporation processes o f  water produce slopes that range between 2 to 5 (Fontes 1980: 
cited in Rose et al. 1996; Criss 1999). When water from different seasons is combined, 
the average slope could be higher, and closer to 8 , than for an individual season 
relationship (Gonfiantini et al. 2001). These authors interpreted that a slope lower than 
8 calculated for a study o f  precipitation in Cameroon represented only the rainy 
season.
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In particular, it is the prevailing temperature and air humidity o f  the local 
atmosphere that establishes the slope (Mazor 1991). An evaporation line, which 
evolves from a point on the meteoric water line, could be delineated by samples that 
share the same initial precipitation source but in which the residual water becomes 
more and more enriched in heavy molecules o f  oxygen and deuterium. Evaporation 
lines are commonly observed in samples collected from lakes, rivers, and shallow 
groundwater (Mazor 1991; Criss 1999).
4.1.1.4 Empirical Relationships That Correlate Amount. Air Temperature, and 
Altitude Effects
When ocean water enters the atmosphere by evaporation and moves up and 
toward the continents, several factors affect its isotopic signature. Two major factors 
control the isotopic composition o f  rain at any given location: temperature and the 
isotopic composition o f  the vapor from which the rain is formed (Ingraham 2000). 
However, such geographic parameters as altitude, latitude, proximity to the ocean and 
other factors also affect the isotopic composition o f  meteoric precipitation (Dansgaard 
1964; Sheppard 1986).
As meteoric water is being precipitated (condensed and removed from the 
atmosphere), the atmospheric air masses tend to become increasingly depleted in the 
heavy isotopes, D and 180 . Therefore, precipitation in polar regions is significantly 
more depleted than water being precipitated in the tropics.
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4.1.1.4.1 Amount effect. During intense rainfall, a lighter isotopic signature is 
observed, compared to that observed during a low or average precipitation event 
(Dansgaard 1964; Vogel and Van Urk 1978: cited in Mazor 1991; Ingraham 2000).
The amount effect seems to be more significant in the tropics (Gonfiantini et al. 2001) 
than in temperate regions or near the poles (Dansgaard 1964; Gonfiantini et al. 2001). 
Seasonal variations were observed in Bolivia, with lower isotopic values in the 
summer rainy months with respect to dry winter (Gonfiantini et al. 2001). Depletion o f  
heavy isotope content in groundwater indicates the occurrence o f  more humid climatic 
conditions at the time o f  recharge (Gonfiantini et al. 2000).
4.1.1.4.2. Air Temperature. The isotopic composition o f  precipitation, 
produced from water vapor o f  a particular composition depends on air temperature. It 
has been observed that air temperature is strongly correlated with the mean isotopic 
compositions o f  meteoric precipitation (Dansgaard 1964). The air temperature has a 
greater effect on the isotopic composition o f  rainfall in temperate regions and high 
elevations.
The following empirical correlation is useful to calibrate data for specific 
regions, in which average temperature is measured:
8 lsO *0.695 Tavg- 13.6 (4.4)
Tavg is the mean annual surface air temperature o f  a given locality. This 
equation is a rough approximation and fits data from European and North Atlantic
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stations only. Data from North America will be 1-4 %o lower than would be predicted 
by the previous equation.
4.1.1.4.3. Empirical Altitude Effect. Increase in elevation also causes meteoric 
precipitation to become progressively depleted in heavy isotopes. Rose et al. (1996) 
reported that this effect was 2.3%o for every vertical kilometer o f  elevation gain.
The correlation o f  altitude with o180  o f Criss (1999) is:
as 180 /a z  *2.0 ± 1%0 /km (4.5)
Note that uncertainty in this formula is high (50%). However, when an altitude 
effect is established in a specific study area (Rose 1996; James et al. 2000) it is an 
effective tool for tracing groundwater recharge elevation (Cortes et al. 2001; Mazor 
1991).
If equation 4.5 is going to be used to calculate groundwater recharge elevation, 
it is preferable to use young water samples (Rose et al. 1996; James et al. 2000). The 
initial isotopic signature o f  old groundwater could have been altered due to water rock 
interaction, which complicates the evaluation o f  the altitude effect (Mazor 1991).
4.2. Sulfur Isotopes
The geochemical sulfur cycle is complex. It involves primarily oxidation- 
reduction (REDOX) reactions, including equilibrium and/or kinetic isotope exchange 
reactions accompanied by isotopic fractionation.
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In the study area, sulfur isotopes were used to attempt the identification o f the 
sources for sulfur species present in the confined aquifer. Sulfur isotopes were also 
used to evaluate the geochemical evolution o f sulfide and sulfate observed in the 
groundwater o f  the confined aquifer in the study area.
A  possible sequence o f  geochemical processes taking place in the confined 
aquifer o f  the study area is the dissolution o f  presumably marine sulfate accompanied 
by partial reduction by sulfur-reducing bacteria (SRB). SRB were detected in samples 
collected at 45 and 190 m below the surface.
Another likely sulfur source is sulfide originating from dissolution o f  SO2 o f  
volcanic or hydrothermal origin. As indicated in the introductory chapter, the Puebla 
Valley is located within 45 Km o f an active volcano, Mt Popocatepetl. However, the 
relatively low temperature measured in the water o f  the Puebla Valley (highest value
37.1 °C, in a sample from the SRSPRG -confined aquifer, see next chapter) does not 
support equilibrium fractionation related to dissociation and oxidation o f sulfide in a 
volcanic/hydrothermal system. Further discussion about the volcanic/hydrothermal 
influence in sulfur isotopes can be found in Chapter 6 (Results and Discussion).
The isotopic composition o f  sulfur in the study area is controlled by two 
factors: the original isotopic composition o f  the sources (in combination with mixing 
ratios) and the isotopic discrimination during sulfur transformations (due to 
thermodynamic and kinetic effects caused by microbial activity).
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4.2.1. General Characteristics o f  Sulfur and its Compounds
99Sulfur has an atomic weight o f  32.06, and it has four stable isotopes, S being 
the most abundant (95.02 %), followed by 34S (4.22 %), 33S (0.760 %) and 36S 
(0.0136). Because 32S and 34S are the most abundant isotopes o f  sulfur, they can be 
precisely analyzed more easily than33S and 36S; hence, until the appearance o f  a paper 
by Farquhar et al. (2000), these two isotopes were used almost exclusively to describe 
sulfur isotope partitioning in different geological/biochemical processes.
The standard used to report <534S values is the Vienna Canyon Diablo Troilite 
(VCDT), with an assigned <534S = 0 %o.
In nature, the most reactive oxidation states for sulfur are -2, 0, and + 6 , 
commonly represented by sulfide, elemental sulfur, and sulfate, respectively.
However, these oxidation states are not limited to those compounds. The intermediate 
compounds: sulfite, thiosulfate, polythionate, and polysulfide (represented by SO32',
9 9 • • • •S2O3 ', Sx0 6 ’, HSX, respectively), contain more than one o f those oxidation states. 
They are called intermediate compounds because they have been observed as 
important transient species in organic reduction o f  sulfate, disproportionation o f  
sulfur-bearing species, and oxidation o f sulfide (Ehrlich, 1996). Habicht et al. (1998), 
in their table 1, present an overview o f reactions and bacteria cultures involving an 
intermediate compound
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4.2.2: Isotopic Fractionation Factors
In discussing kinetic isotopic effects during oxidation o f sulfides, Ohmoto and 
Rye (1979) stated that “the fractionation o f sulfur isotopes arises from the fact that 
chemical reaction rates are mass dependent and that one isotopic species reacts more 
rapidly than another. In general, the molecules containing the lighter isotope will have 
the faster reaction rate.”
4.2.2.1. Inorganic Fractionation
34S is enriched in more oxidized ions such as sulfate, and on sites o f  greatest 
bond strength in minerals. The ionic species o f  sulfur that are important at 
temperatures from 25 to 500 °C include, H2S, HS‘, SO42', HSO4', N aS(V , KSO4', 
Fractionation between sulfate and the reduced species strongly favors 34SC>42', 
especially at lower temperatures (Heyl et al. 1973; Rye and Ohmoto, 1974).
The theoretical equilibrium fractionation between sulfate and sulfite (where the 
rupture o f  S -0  bonds takes places) at 20 °C is 24 %o, whereas the experimentally 
measured value is 22 %o (Harrison 1957 and Harrison and Thode 1957; cited in 
Canfield, 2001a).
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4.2.2.2 Organic Fractionation.
The material presented here with respect to organic fractionation refers to the 
isotopic fractionation observed during oxidation and reduction o f  sulfur and its 
compounds associated with biochemical activity.
Sulfur, which constitutes around 0.5 to 1% o f the dry weight in prokaryotic 
organisms (Canfield, 2001a), has proven to be a crucial element in cellular 
metabolism. Sulfur is found, mainly in reduced form, in amino acids (cysteine and 
methionine), which are basic building blocks o f  proteins. The presence o f  sulfur in 
coenzymes, vitamins, and electron carriers facilitates cell activity (Canfield, 2001a). 
The oxidized form o f sulfur (as sulfate esters and sulfonates) is found in cell walls, 
connective tissues o f  plants and animals, and in photosynthetic membranes (Canfield, 
2 0 0 1a).
The basic concept behind biochemical sulfur reduction is that bacteria break 
the S -0  bond and excrete gaseous H2S (Guilbert and Park, 1986).
Experimental data o f  pure cultures o f  sulfate-reducing bacteria has shown that 
mass-dependent sulfur isotope fractionation ranges from 2 %o to 47 %o (Canfield 
2001a; Bruchert 2004).
Sulfur-reducing organisms are widely diverse phylogenetically (Stackebrand et 
al. 1995; Widdel 1988; Castro et al. 2000: all cited in Canfield 2001a). As a group, 
they are broadly distributed in anoxic environments containing sulfate, where extreme 
conditions o f  temperature (-1.5 to 100 0 C) and salinity (from freshwater to halite
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saturation) exist (Sagemann et al. 1998 and Jorgensen et al. 1990: cited in Canfield 
2 0 0 1a).
4.2.3 Biochemical Mechanisms Involved in Sulfur Isotopic Fractionation
Assimilatory and dissimilatory sulfate reductions are two biochemical 
mechanisms through which sulfate is reduced to sulfide (Canfield, 2001a). During 
assimilation, sulfate must be reduced to sulfide to be incorporated within the cell. 
Dissimilatory sulfate reduction is carried out by specialized groups o f  prokaryotes 
during their growth (Canfield, 2001a). At present, laboratory experiments at different 
conditions have determined isotope fractionations for over 40 species o f  SRB. 
Bruchert, 2004, in their table 1, present cell specific sulfate reduction rates and 
fractionation factors o f  sulfate reducing prokaryotes grown in batch culture at 
optimum growth conditions. The most studied species o f  sulfate reducers are the 
Desulfovibrio desulfuricans and Desulfovibrio vulgaris (Bruchert 2004). It is the 
dissimilatory process through which the SRB prevail under the geologic conditions o f  
the study area.
4.3. Noble Gases (3He/4He ratios)
Noble gases (Ar, Ne, Kr, Xe, He) are valued as conservative tracers because o f  
their scarcity and extremely low chemical and biological activity. Their abundance 
and abundance ratios have been applied to diverse fields in geology and planetary 
science, including early application to cosmochemistry (Ozima and Podosek 2002). In
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recent years, the development o f  high precision gas spectrometers and analytical 
techniques, has allowed the expansion o f  their applications to various fields in 
geology, and hydrogeology (Mazor 1991; Heaton, 1994; Ozima and Podosek 2002; 
Ballentine and Bumard 2002; Kipfer et al. 2002, Hilton et al. 2002; Fischer et al.
2002).
This chapter focuses primarily on the application o f helium and the isotopic 
ratio (3He/4He) to groundwater studies. Helium measurements in the study area were 
o f initial interest because coupled with 13C from dissolved CO2 in the groundwater, 
they were expected to help elucidate the origin o f  dissolved CO2 observed to be 
exsolving at pressures greater than one atm from water o f the confined aquifer, as well 
as from some water o f  the upper aquifer (Cholula-Atlixcayotl group).
Helium and neon determinations for this research project were made by Dr. 
Gary Landis (USGS, Colorado) and Prof. Dave Hilton (Institution o f  Oceanography, 
La Jolla, CA). He/ N e ratios are used to infer atmospheric contamination in the 
samples (Ozima and Podosek 2002). Argon and nitrogen concentrations were only 
reported for the three samples run at the USGS facility.
Other lines o f  investigation where helium measurements could be applied in 
the study area are: paleo-temperature estimations (Mazor 1972; Herzberg and Mazor 
1979; Stute et al. 1995; Pinti and Marty 1997; Aeschbach-Hertig et al. 2000; 
Aeschbach-Hertig et al. 2002), groundwater residence time (Marine 1979; Heaton 
1984; Andrews 1985; Torgersen and Clarke 1985; Stute et al. 1992; Solomon and 
Poreda 1996; Castro and Jambon 1998; Castro et al. 2000) and, determinations o f
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terrestrial heat flow (Polak et al. 1985; Prasolov et al. 1999; Prol-Ledesma 1989; Prol- 
Ledesma et al. 1991). Nonetheless, it was not possible to apply any o f  these techniques 
in the present project due to the limited number o f  samples collected and the lack o f  a 
complete set o f  analyses available due to laboratory difficulties and the low budget o f  
this project.
4.3.1 Helium Abundance. Sources and Distribution
Helium has two naturally occurring isotopes, 3He and 4He; these have different 
sources within the earth system, as is briefly discussed below. The concentration o f  
helium in the air is very low, only 5.4 parts per million by volume at standard pressure 
and temperature (Graham 2002; Mazor 1991). 4He is significantly more abundant than 
3He in the crust. However, more than their abundances, it is their ratio that is used to 
distinguish their different reservoirs on Earth (Ballentin and Bumard, 2002).
Both the atmosphere and the mantle are major reservoirs for helium, and both 
interact with the cmst. The cmst is considered the third largest reservoir, with 
approximately 40 % o f heat-producing elements (U, Th, K) that produce noble gases 
as daughters in the bulk silicate Earth (BSE) (Ballentine and Bumard 2002). Helium in 
the atmosphere has a ratio ( R a )  = 3He/4He = 1.39 x 10'6 (Mamyrin et al. 1970; Clarke 
et al. 1976: cited in Graham, 2002). Mantle-derived helium, with a relatively high 
content o f  3He, is widely reported in regions o f  magmatic activity and in different 
tectonic settings; its helium source is distinguished by its 3He/4He ratio, as indicated in 
the following paragraphs. The helium produced in the cmst is mainly associated with
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radiogenic helium (4He); its helium isotopic ratio has a value o f  0.0 IRa (Morrison and 
Pine 1955: cited in Pepin and Porcelli 2002).
In contrast to 4He, 3He is not produced in appreciable quantity by radioactive 
decay or other nuclear processes, except for generally insignificant amounts produced 
from 6Li and tritium (Ballentine and Bumard 2002). Thus, the relative high ratios o f  
3He/4He associated with spreading centers and mantle-derived rocks indicate storage 
and subsequent escape o f  primordial helium trapped during Earth’s accretion (Clarke 
et al. 1969; cited in Schlosser and Winckler, 2002). The highest 3He/4H ratios on Earth 
are reported for certain Ocean Island Basalts (OIB) such as those o f  Hawaii and 
Iceland. The maximum value reported (32-38 Ra) is for the still-submerged Mount 
Loihi in Hawaii (Kurz et al. 1982: cited in Pepin and Porcelli, 2002). However, OIBs 
have variable ratios, ranging in value from less than MORB (see below) to its 
maximum indicated above. Lower values than MORB are associated with radiogenic- 
Pb-rich basalts and involve recycled components (Kurz et al. 1982; Hanyu and 
Kaneoka, 1998: both cited in Pepin and Porcelli, 2002). Helium with OIB ratios may 
arguably be interpreted as mantle material that has remained undegassed since Earths 
formation (Pepin and Porcelli, 2002).
The helium isotopic ratio, measured in Mid-Ocean Ridge Basalts (MORB), is 
more uniform than the OIB, with 3He/4He o f around 8 Ra (Porcelli and Ballentine, 
2002; Graham, 2002). This ratio represents a combination o f  undegassed mantle and 
radiogenic helium.
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Data o f  approximately 1000 helium isotopic ratios representing 26 individual 
arc segments around the globe (Hilton et al. 2002) have a mean helium ratio o f  5.4 + 
1.9 Ra (Hilton et al. 2002). This range o f  values is attributed to mixing o f  MORB-type 
helium with radiogenic helium with an assumed ratio o f  0.05 Ra (Hilton et al. 2002).
4.3.2 Production Mechanism o f Helium Isotones
4 .3 .2 .1 .3Helium
T . . .
He has three primary sources: 1) the mantle, where helium originates from the 
outgassing o f  primordial mantle; 2) the crust, where the production o f  3H is related to 
thermal neutron capture by 6Li in the reaction 6Li (n, a) 3H (/3~) 3He (Ballentine and 
Bumard, 2002); and 3) the atmosphere, where small amounts are produced by tritium 
decay (Fntz and Fontes, 1980). O f these three terrestrial sources for He, the most 
significant is the degassing from the Earth’s interior (Graham, 2002).
4.3.2.2 4Helium
4He, which is produced in the cmst by the radioactive decay o f uranium and 
thorium, is called radiogenic helium: (see table 1 in page 248 in Graham, 2002).
238U 206Pb + 8 4He + 6(3' (4.6)
23'TJ -> 207Pb + 7 4He + 4/3" (4.7)
232Th 208Pb + 6  4He + 4/3" (4.8)
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CHAPTER 5
METHODOLOGY
This chapter provides methodological details, including research design and 
rationale, type o f  sites sampled, data collection techniques, and analytical procedures. 
Data collected are presented in Chapter 6 .
5.1. Research Design and Rationale
Groundwater and surface water samples were collected to characterize the 
geochemistry and determine the hydrodynamic pattern o f the studied system.
A  total o f  65 sites were sampled (Table 5.1). Water was collected from diverse 
sites in an attempt to get a good representation o f the aquifer systems in the study area. 
Most o f  the samples come from pumping wells (52 %) that operate almost continuously. 
Other important sites sampled were sulfide-rich springs and artesian wells (25 %). Non­
sulfide springs and intermittent streams made up 20 % o f  the sampled sites. Only one 
non-sulfide artesian well and one non-sulfide hot spring were sampled (3%).
Most o f  the sites are located within the central and southwestern part o f  Puebla 
State. 73.1% o f  the sampled sites are within the Puebla Valley (PV), 3% are located in 
Mexico State (MS) and 23.9% are within the Atlixco-Izucar de Matamoros region 
(AIM) (Figure 5.1).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
91
Table 5.1
Type and number o f  sites sampled. Temperature range for each o f  the groups is 
provided





(mostly from the 
confined aquifer)
Artesian wells (SRARTW)
9 23.1 -36 .3
Springs (SRSPRG) 7 21.3-37.1
Non-sulfide-rich water 
(mostly from the 
unconfined aquifer)
Pumping wells (NSPW) 34 17.7-28.8
High flow springs 
(NSHFSPRG) 7 13.1-22.7
Hot spring (NSHOTSPRG) 1 52.8
Intermittent streams 
(NSINTSTRM) 6 6 .4 -20 .7
Artesian well (NSARTW) 1 26.4
TOTAL SAMPLED SITES 65
The codes used in parenthesis in Table 5.1, and subsequent tables, are used to 
identify the different types o f  sampled sites. Parameters like regional location, spatial 
location o f  the wells within the aquifer, and type o f  sites sampled are highly correlated 
with the chemistry o f  the water. Therefore, applying these codes w ill help with the 
correlation and explanation o f the results.
Overall, samples were divided into two main groups, sulfide-rich (SR) and non­
sulfide (NS) water (Table 5.1). This general characterization was used because 
discussing the presence and evolution o f  sulfide in the confined aquifer is one o f  the 
main goals in the project. The letters added to the name after the designator SR or NS 
are related to the type o f  sampled site: artesian well ( ... ARTW), spring (.. .SPRG), 
pumping well (.. .PW), high flow spring (.. .HFSPRG), hot spring (.. .HOTSPRG), and 
intermittent stream (.. .INTSTRM).
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Figure 5.1. Sampling sites and major cities in the study area. Orange triangles = 
NSINTSTRM, Red triangles = NSHFSPRG, Red diamond = NSHOTSPRG, Dark blue 
rhomb = NSARTW, Green pentagon = NSPW, Aquamarine circle = SRARTW (TEP 
sample outside o f  the map), Blue triangles = SRSPRG. Red lines are inferred faults. 
Refer to Table 5.1 for the description o f the code associated with the site type.
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Table 5.2 provides the geographic location, name, and type o f  sampled sites. 
Some o f  the sites were sampled more than once to evaluate seasonal changes or for 
measurements other than major and trace elements (e.g. stable isotopes, helium 
concentration and isotopic ratios), producing a total o f  139 samples collected for diverse 
analyses (Table 5.3); this table indicates field parameters.
5.1.1 Agencies Granting Access to the Sampling Sites
Most o f  the sites are regular pumping wells administered by agencies in charge 
o f the distribution o f  water to the cities o f  Puebla, Cholula, Atlixco and Huejotzingo.
The agency in Puebla is the Sistema Operador de Agua Potable y Alcantarillado de la 
ciudad de Puebla (SOAPAP), which also regulates some sites in Cholula. The agency in 
Atlixco is the SOAPAMA. Some additional sites were accessed with help from the 
National Water Commission (Comision Nacional del Agua - CNA), which is the agency 
responsible for issues related to planning, exploration and investigation o f  water in 
Mexico.
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Table 5.2
Detailed List o f  the Sites Sampled. The table includes coordinates ('decimal degrees), 
site name, and site type. The description o f  the code associated with site type can be 
found in Table 5.1
Longitude (W) Latitude (N) SITE NAME SITE TYPE
1 -98.226 19.032 AA SRSPRG
2 -98.212 19.119 ACNTE6 NSPW
3 -98.391 19.022 ACUX10 NSPW
4 -98.379 19.024 ACUX8 NSPW
5 -98.246 19.133 AMEC1 NSPW
6 -98.255 19.138 AMEC3 NSPW
7 -98.775 19.035 ATLAUT NSINTSTRM
8 -98.274 19.002 ATLX3 NSPW
9 -98.278 19.000 ATLX4 NSPW
10 -98.281 18.998 ATLX6 NSPW
11 -98.294 18.994 ATLX9 NSPW
12 -98.583 18.504 ATNC NSARTW
13 -98.482 18.917 AXOC NSHFSPRG
14 -98.244 19.073 BAGCL NSPW
15 -98.832 18.650 BATOTN SRSPRG
16 -98.226 19.117 BHOND1 NSPW
17 -98.223 19.131 BHOND4 NSPW
18 -98.362 19.327 BIXTC SRSPRG
19 -98.209 19.046 BPBRAV SRARTW
20 -98.221 19.079 BRC SRSPRG
21 -98.661 19.090 CADENA NSINTSTRM
22 -98.477 19.109 CALPAN NSPW
23 -98.284 19.071 CARC3 NSPW
24 -98.461 18.924 CARL2 NSPW
25 -98.601 19.092 CIXTAC NSINTSTRM
26 -98.190 19.068 CNG NSPW
27 -98.220 19.061 CPLAZA SRARTW
28 -98.675 18.946 C R A M A X N S IN T S T R M
29 -98.718 18.893 CSMINA NSHFSPRG
30 -98.600 18.488 DRPOND SRSPRG
31 -98.774 18.760 HUAZ NSPW
32 -98.704 18.596 IXTL2 NSHOTSPRG
33 -98.245 19.120 LAGMEX NSPW
(Continued on next page)
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Table 5.2 (continued)
34 -98.357 19.013 LAGSOM NSPW
35 -98.468 18.924 LEON NSPW
41 -98.422 19.067 NEALT5 NSPW
42 -98.632 19.033 NEXP NSINTSTRM
43 -98.554 18.702 OCARB NSHFSPRG
44 -98.795 18.721 PAMY4 NSPW
45 -98.220 19.085 PEXPL SRARTW
46 -98.183 19.370 PHUERF NSHFSPRG
47 -98.443 18.849 PRTOP NSPW
48 -98.274 19.059 RCH1 NSPW
49 -98.258 19.065 RCH5 NSPW
50 -98.256 19.059 RCHB NSPW
51 -98.353 19.017 RLAGUN NSPW
52 -98.206 19.065 SI SRARTW
53 -98.213 19.080 S2 SRARTW
54 -98.219 19.086 S3 SRARTW
55 -98.387 18.992 SISAB SRSPRG
56 -98.356 19.131 SMZAC NSPW
57 -98.512 18.501 SNC SRSPRG
58 -98.551 18.949 SPBJJ NSINTSTRM
59 -98.528 18.939 SPBJP NSPW
60 -98.779 18.767 TENOAC NSPW
61 -97.894 18.954 TEP SRARTW
62 -98.253 19.120 VW SRARTW
63 -98.487 18.991 x o u NSHFSPRG
64 -98.482 18.989 XOUATL NSHFSPRG
65 -98.331 19.155 XOXTL1 NSPW
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Table 5.3





( ■ S in )
TEMPERATURE
r c j P«
REDOX
(MV)
1 AA 6114/1997 1.100 26.9 6 2 HIM
2 AA 612271998 2.280...... 28.4 6 2 7
3 AA 12121/1998 2.280 27.7 6 3 46
4 AA 5/21/1999 2.300 2 8 2 6 2 56*
S ACHTE6 6/26/1998 0.599 24J5 7 J 198
6 AC UX10 6/18/1997 0.457 2 0 3 7 5 H/M
7 AC 11X10 6/24/1998 0.523 2015 8 5 211
8 AC UX10 12/17/1998 0.595 21.4 7 5 224
9 AC UJO! 6/18/1997 0.701 21.4 7.1 H/M
10 ACIUB 6/24/1998 0.729 21J6 8 5 280
11 AC IMS 12/17/1998 MM 22.4 7 5 HIM
12 AMEC1 5/23/2001 0.947 26.7 7 5 HIM
13 AMEC3 5/23/2001 MM 2 3 5 7 5 HIM
14 AMEC3 879/2003 0.352 2 3 5 7 5 210
IS ATLAUT 7/6/1998 HM 1 7 5 7 2 HIM
16 A7LX3 5/21/1999 1.500 24.7 6 5 378*
17 AT1X3 1/4/2000 1.670 24.4 6 3 376*
18 ATLX3 7/15/2000 HM HIM HM HIM
19 A1LX3 1/6/2001 HM 2 4 5 6 5 HIM
20 ATLX4 6/19/1997 1.515 2 6 5 7 5 HIM
21 ATLX4 3/12/1999 HM 27J0 6 5 HIM
22 ATLX4 5/29/2001 HM 2 7 5 6 4 HIM
23 ATLX4 9/10/2002 HM 2 8 2 6 4 2 HIM
24 AT1X4 819/2003 2.095 27_3 6 5 23!8
25 AT1X6 3/12/1999 HM 26.4 6 5 HIM
26 ATLX6 7/15/2000 HM M/M HM HIM
27 AT1XE 9/10/2002 HM 26.4 6 4 9 HIM
28 AT1X9 6/19/1997 0-838 24.9 6 5 HIM
29 ATLX9 6/26/1998 1.082 24.1 7-3 317
30 ATLX9 12/18/1998 1.056 2 4 5 6 5 277
31 ATLX9 1/4/2000 1.157 2 4 5 6 7 289*
32 ATMC 3/1V I999 HM 2 6 7 6 5 HIM
33 ATHC 5/26/1999 HM 2 6 5 6 7 HIM
34 ATMC 7/1412000 HM HIM HM HIM
35 ATMC 9/1112002 HM 2 6 1 6 9 1 HIM
36 AXOC 9/30/1995 0.643 1 9 3 5 5 4 5 5 *
37 AXDC 6/12/1997 0.439 1 9 5 6 1 HIM
38 AXOC 7/2/1998 0.660 1 9 2 5 5 HIM
39 AXOC 12/19/1998 0.664 1 9 6 6 5 334
40 AXOC 5/25/1999 HM 1 9 2 6 5 HIM
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41 BAGCL 6/14/1997 0.967 22.9 6.4 N/M
42 BATOTN 7/9/1997 1.275 31.7 6.8 N/M
43 BHQND1 6/26/1998 0.233 21.1 7.4 350
44 BHOMM 6/26/1998 0.252 19.6 7.9 N/M
45 BDCTC 7/7/1987 2.490 35.7 6.5 N/M
46 BDCIC 6/22/1998 2.710 35.8 6.5 316
47 BPBRAV 6/25/1998 N/M 25.4 6.4 N/M
48 BRC 6/14/1997 1.391 27.3 6.1 N/M
49 BRC 6/23/1998 2.700 27.8 6.3 34
50 BRC 12/20/1998 2600 28.2 6.3 45
51 BRC 5/20/1999 2.670 29.6 6.2 8*
52 BRC 9/12/2002 N/M 25.8 6.4 N/M
53 CADENA 6/10/1997 0.053 9.1 6.8 NM
54 CALRAN 5/31/2001 N/M 17.7 7.1 N/M
55 CARC3 6/18/1997 1.431 288 6.4 N/M
56 CARL2 9/30/1995 0.477 18.8 6.0 426*
57 CARL2 6/12/1997 0.337 19.4 6.3 NM
SB CDCTAC 12/17/1998 0.069 7.1 7.9 293
59 CHG 8/9(2003 1.411 22.8 6.9 218
60 CPLAZA 6/23/1997 1.599 24.1 6.2 NM
61 CPLAZA 6/23/1998 2.350 24.1 6.4 56
62 CRAMAX 7/9/1997 0.102 11.9 7.7 NM
63 CSMNA 3/11/1999 N/M 18.2 6.9 NM
64 DRPOM) 3/10/1999 N/M 27.1 6.9 NM
65 HUAZ 7/9/1997 0.260 21.6 6.8 NM
66 DCIL2 6/16/1997 3.360 52.4 6.5 NM
67 DCIL2 12/21/1998 3.650 53.5 6.5 223
68 0CIL2 5/24/1999 N/M 52.6 6.5 NM
69 IAGMEX 5/23/2001 0.635 24.8 7.1 NM
70 LAGSOM 6/11/1997 0.138 20.6 7.3 NM
71 LEON 6/12/1997 0.324 18.8 6.7 NM
72 METAL 7/8/1997 1.504 29.9 6 3 NM
73 MGUL 3/11/1999 N/M 13.9 7.7 NM
74 MOMX5 6/24/1998 1.760 25.0 7.3 263
75 MOMS 12/18/1996 1.740 25.3 7.0 218
76 MOMX5 5/21/1999 1 580 24.4 6.4 341*
77 MOMX5 1/6/2001 N/M 25.6 7.0 NM
78 MOMX5 5/23/2001 N/M 25.5 6.3 NM
79 MOMX5 9/9/2002 N/M 235 6.31 NM
80 M0RT4 6/18/1997 0602 23.4 7.4 NM
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81 MORT4 6/26/1996 0.767 23.4 7.5 345
82 IEALT2 604/1998 0.269 20.1 7.4 281
83 IEALT2 12/17/1996 0.301 21.6 7.7 272
84 IEALT5 6/16/1997 0.204 19.5 7.2 NM
85 IEAL15 12/17/1996 0.277 19.7 7.4 303
86 IEXP 776/1996 N/M 6.4 7.4 NM
87 OCARB 10/1/1995 2.500 225 6.7 254*
88 OCARB 6/16/1997 1.147 22.3 6.7 NM
89 OCARB 12/21/1996 2.370 22.7 6.9 173
98 OCARB 5/24/1999 NM 22.6 6.7 NM
91 OCARB 9/11/2002 NM 22.7 7 NM
92 PAMY4 3/10/1999 NM 25.3 7.5 NM
93 PEXPL 11/24/2001 2.062 20.1 6.7 68
94 PHUERF 1/8/1997 0.405 21.4 6.9 247*
<15 PRTOP 3/11/1999 NM 21.4 6.9 NM
96 RCH1 7/7/1997 1.189 23.7 7.1 NM
97 RCH1 6/24/1998 NM 24.1 7.2 NM
96 RCH1 5/21/1999 1.600 24.2 6.9 399*
99 RCH5 7/7/1997 0.832 24.1 6.7 NM
100 RCH5 6/24/1998 0.396 25.2 7.1 3.3
101 RCH5 12/18/1996 1.124 23.8 6.7 334
102 RCIS 1/5/2001 NM 22.9 6.4 NM
103 RCHB 9/9/2002 NM 226 6.75 NM
104 RLAGUN 6/11/1997 0.300 20.6 7.4 NM
105 SI 6/17/1997 1.740 27.4 6.4 NM
106 SI 0/8/2003 NM 226* 6.23* NM
107 SI 8/8/2003 NM NM NM NM
106 SI 0/8/2003 NM 23.6* 6.23* NM
109 S2 6/17/1997 1.590 29.2 6.0 NM
110 S2 6/23/1996 2.710 28.5 6.5 55
111 S2 12/20/1996 2.580 28.3 6.3 61
112 S2 5/20/1999 2.660 29.5 6.1 27*
113 S2 5/29/2001 NM 29.6 6.3 NM
114 S2 9/12/2002 NM 29 6.4 NM
115 S2 7/23/2003 NM NM NM NM
116 S3 11/23/2001 3025 30.8 6.2 NM
117 StSAB 6/22/1996 NM 21.3 6.8 295
118 SMZAC 6/22/1997 0.234 19.2 7.4 NM
119 SNC 10/1/1995 3.740 35.8 6.4 141*
126 ig jr 6/16/1997 NM 35.0 6.4 NM
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121 cut*out# 12/21/1998 2.678 35.5 6.5 112
122 (Hip 9/11/2002 N/M 37.1 6.56 N/M
123 SPBJJ 6/12/1997 0.061 17.3 7.2 NM
124 SPBJJ 12/19/1996 0.150 207 74 315
125 SPBJP 9190001 N/M 17.9 5.9 NM
12G TENQAC 3/11/1999 N/M 23.2 7.2 NM
127 TCP 7/13/1997 1.110 23.1 6.2 NM
128 TCP 925/1998 1.790 24.6 64 95
129 TCP 5/19/1999 N/M 24.4 6.3 NM
130 TCP 7/24/2003 N/M N/M N/M NM
131 VW 6/19/1997 2.730 36.3 6.1 NM
132 VW 7/24/2003 N/M N/M N/M NM
133 XQU 6/19/1997 0123 13.2 6.7 NM
134 XOU 7/2/1998 0188 13.1 6 5 NM
135 XDUATL 12/19/1996 0.183 13.5 6.7 316
136 XGUATL 5/25/1999 N/M 13.5 6.5 NM
137 XOUATC 1/5/2001 N/M 135 6.8 NM
13B XGXIL1 6/26/1996 0.391 21.4 7.6 312
139 XQXTL1 12/16/1998 0.380 216 7.6 276
5.2. Sample Bottle Preparation, Field Parameters, Sample Collection, 
Treatment, and Analytical Measurements
5.2.1 Sample Bottle Preparation
All the HDPE bottles used for sampling were previously cleaned as follows: 1) 
labels and lids were removed; 2 ) the bottles were soaked for approximately 20  minutes 
in a solution o f  warm tap water and biodegradable detergent. After soaking, each bottle 
containing some o f  the solution was closed and agitated. 3) The solution was decanted 
and bottles and lids were rinsed 3 times. The first rinse was done with tap water, second 
and third rinses were done with de-ionized water (18 jus). 4) Once the bottles were 
rinsed, a solution o f  5 % by volume o f nitric acid was prepared, and bottles were filled.
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They were left overnight with the nitric acid solution. 5) The next day, bottles were 
rinsed (at least 3 times) with de-ionized water (18 [is).
5.2.2 Field Parameters
Parameters measured in the field include pH and temperature. Conductivity and 
redox potential (Eh) were measured on most o f  the samples. Field parameters are 
reported in Table 5.3 for the 139 samples. In most cases a Datasonde, a multi-parameter 
device, was used to collect the field parameters indicated above. Surface elevation was 
measured using a barometer. In cases where surface elevation was collected more than 
once (at different dates), the reported data are the average value o f  the readings. The 
difference in elevation between the minimum and maximum readings ranged between 
0.37 % and 9.1 % from the average value. For example, the place where the larger 
difference was reported is ITXL2, where three readings were collected: 1100 
(6/16/1997), 1123 (12/21/1998), and 1204 (7/15/2000). The average value is 1142.3 m, 
and the difference between the maximum and the minimum reading is 104 m, 
representing 9.1 % o f  the average value.
5.2.3 Sample Collection. Treatment and Analytical Measurements 
5.2.3.1 Samples for Major and Trace Elements Analyses
Aliquots o f  each sample collected for major and trace element analysis were 
placed in three 60 ml HDPE bottles. These samples were filtered in the field using a
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membrane o f 0.22 /mi. After filtration, the samples were kept in a cooler filled with ice 
until arrival at the field station where the samples were stored in a refrigerator, at 
approximately 4° C. On the day o f  sampling, one o f  the three bottles was used to 
measure alkalinity by Gran titration using a Hach titration kit with a cartridge 
containing 1.600N H2SO4. The bottles used for cation determination were treated with a 
few drops o f  purified 70% hydrochloric acid to a pH o f 2, two weeks before their 
examination.
5.2.3.2 Oxygen and Hydrogen Isotopes
Sixty-five samples from 42 sites were analyzed for oxygen and deuterium 
isotopes. Analyses for oxygen were performed at NASA, NIU and UNAM. Analyses 
for hydrogen were performed at UI, NASA and UNAM. Deuterium reproducibility is 
lower than oxygen, typically + 5 %o, compared to oxygen, which is +/- 0.3 %o (Cortes et 
al. 1997).
The low reproducibility for 5D, in the studied samples, is attributed to different 
analytical procedures in each laboratory. Analyses were performed at 3 different 
laboratories, as indicated above; therefore, different techniques and calibration in the 
laboratories may contribute some scatter in the data.
Samples for oxygen and hydrogen isotopes were collected in 5 ml serum vials 
and sealed with aluminum retainers and septa coated with Teflon. Before the samples 
were sealed they were treated with mercuric chloride crystals to kill bacteria.
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5.2.3.3 Carbon Isotopes
Samples were collected in glass vials (10 ml) or glass flasks (100 ml). Samples 
were sealed with Teflon septa and aluminum seals. Samples were treated with mercury
chloride to kill bacteria and preserve the sample.
1
Ten samples were analyzed for 8 C(co2) o f  carbonate dissolved in water (Table 
5.4). 5 13C(co2) values were obtained by using a modified technique described by Graber 
and Aharon (1991). In the modified technique, there were only two traps used to 
condense/release CO2, dry ice-ethyl alcohol and liquid nitrogen; the electric immersion 
cooler (meant to keep temperature at -90 °C) was not used.
Table 5.4
6 13C values for Dissolved Carbon in Water
SAMPLE NAME SITE TYPE FAMILIES S^Cpdb (%,)
OF WATER
ATLX4 NSPW Ca-Mg-Na-HC03 -3.5
ATLX4 NSPW Ca-Mg-Na-HC03 -4.4
ATLX6 NSPW' Ca-Mg-Na-HC03 -5.6
MOMX5 NSPW Ca-Mg-Na-HC03 -4.4
RCHB NSPW Ca Mg-Na HC03-S04 -3.3
CNG NSPW' ND -6.0
Sl_190m SRARTW' ND -1.9
S1_45M SRARTW' ND -0.7
S2 SRARTW Ca-Mg-HC03-S04 -2.6
1EP SRARTW Ca-Na-Mg-HC03 -3.4
ND= No determined
average for unconfined aquifer 
average for confined aquifer
r -4.5 
-2.2
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5.2.3.4 Sulfur Determinations, Including Isotopes
5.2.3.4.1 Sulfide determinations. Sulfide concentrations were determined in 3 
SRARTW and 7 SRSPRG samples. The range o f  sulfide measured was between 1.44 
and 11.1 (mg/1) Table 5.5. Sulfide concentrations (total sulfide) were measured by using 
a silver/sulfide ion-selective electrode (ISE), Orion model 94-16. The procedure, which 
is described in Standard Methods (4500-S2') (Eaton et al. 1995), involved the following 
steps. HDPE (High-Density Polyethylene) bottles were pre-loaded with 25 ml o f  sulfide 
anti-oxidant buffer (S AOB) enhanced with ascorbic and salicylic acids added as oxygen 
providers. In the field, 25 ml o f  sample, measured with a graduated flask, was added to 
the pre-loaded bottles. After collection, samples were kept in a cooler containing ice 
until arrival at the field station. Once in the field station, samples were taken out o f  the 
cooler and left at room temperature until thermal equilibrium was obtained. When the 
sample had equilibrated at room temperature, the solution was analyzed 
potentiometrically, using a sulfide ion-selective electrode in conjunction with a double­
junction reference electrode, using a combined pH-millivolt meter to measure solution 
EMF with a platinum electrode vs lead nitrate [Pb(N03)2, 0 .001M ], as the titration 
agent.
5.2.3.4.2 Sulfur Reducing Bacteria Test and DNA Extractions. Five sites 
(Sl_190, S2, TEP, ATLX4, and CNG) were tested for the presence o f  sulfate reducing 
bacteria (SRB), using BART-SRB kits. Four tested positive (S2, TEP, S1_190_ATL4). 
After 9 days o f  incubation, samples were filtered through a 0.22pm filter and stored at - 
70°C. Water (100 mL) from the same wells was also collected, filtered and stored.
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D NA was extracted from the filters using a MoBio Soil DNA extraction kit 
(Lenczewski, personal communication). DNA was amplified using universal primers 
and sulfate-reducing bacteria primers (Lenczewski et al. 2004).
5.2.3.4.3 Sulfur Isotopic Measurements. Sulfur isotopic ratios were measured in 
16 samples. Most o f  the samples intended for sulfur isotope determination were 
collected from artesian wells with water containing reduced sulfur species and sulfates. 
Most o f  the sites were sampled more than once in different seasons. Samples for 
isotopic analyses were treated differently during the course o f  the project, as explained 
below. Most samples were collected in HDPE bottles o f  different sizes depending on 
the sulfide/sulfate concentration in the sample. Samples collected during 1997,1998, 
1999, and 2001 are referred as the early sampling. Samples collected in 2002 are 
referred to as the late sampling.
All o f  the samples during both early and late sampling were stored at 4 °C in the 
aqueous solution in which they had been precipitated, until a month or so before their 
analysis in April 2002. Before analysis, samples were rinsed with de-ionized water and 
filtered through cellulose membranes o f  0.22 um pore size. Samples were placed in 
ahiminum foil and dried in an oven at 100 °C. After rinsing and drying, the samples 
were loaded into tin cups mixed with an oxidant (V2O5) according to the procedures 
described for sulfur isotopes (Shanks, personal notes).
Sulfide precipitation was carried out in two ways. During early sampling, most 
o f  the sites were sampled in pairs. A  few crystals o f  AgCl were added to one sample 
and a few crystals o f  zinc acetate were added to the other sample to precipitate Ag2S
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and ZnS, respectively. Both reactants were added immediately after an HDPE bottle 
was filled with the sample. In the case o f  the samples treated with zinc acetate, the pH 
was not adjusted with NaOH.
During late sampling (2002), the precipitation o f  the sulfide and sulfate was 
done using modified techniques based on the procedures described for precipitation o f  
sulfide and sulfate by Eaton et al. (1995). Solutions o f  NaOH (6N) and zinc acetate 
(2N) were preloaded into 60 ml syringes. At the field site, the tip o f  the syringe was 
attached to a tube to facilitate the collection o f  spring samples, and the tube was inserted 
into the water to avoid any contact with the atmosphere. For the well sampling, under 
continuous flow, a container was used to collect water where the preloaded syringe, 
attached to the tube, was inserted into the container.
The main reason why the technique for sulfide precipitation was changed for the 
late sampling is because the isotopic results o f  the first set o f  samples were variable 
from run to run o f  the same sample. It was observed that the color o f  the precipitate was 
not black as expected for PbS, but instead was brown. According to XRD 
determinations, the early precipitates were contaminated with chloride dissolved in the 
water. In spite o f  changing precipitation techniques, the problem was never completely 
resolved.
Sulfate precipitation was also carried out in two different ways. During early 
sampling, samples were collected in HDPE bottles. Immediately after the sample 
collection, a few crystals o f  BaC^ were added to precipitate BaSC>4. The samples 
collected during late sampling (2 0 0 2 ) were collected mostly in the same way as
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previously described, except that in some samples, the pH was adjusted to 4.5-5.0 
according to procedure 4500-SC>42' C (Eaton et al. 1995). Sulfur isotopic results from 
sulfate precipitates were reproducible at the level o f  0.7 per mil both for different 
sampling dates and for duplicate analyses.
5.2.3.5 Helium Isotopes
Helium samples were collected in commercial 3/8” copper tubes cut from 
refrigeration tubing. These were closed by pressure welding. Early samples were sealed 
using clamps recommended by G. Landis. Later samples were sealed with clamps 
designed at the workshop o f  the Physics Department at NIU (Figure 5.2). The sampling 
procedure was similar to that described by Stute et al. (1992b). A  sampling array is 
illustrated in Figure 5.3.
Figure 5.2. Clamps to seal helium samples.
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Figure 5.3. Field array to collect helium samples
5.3. Instrumentation
The sulfur isotopic analyses were performed at Indiana University, Bloomington 
in a Finnigan MAT 252 mass spectrometer with an on-line elemental analyzer mode. 
Samples were analyzed as BaSC>4, ZnS and Ag2S. They were placed in tin capsules with 
V20 5.
Major and trace elements were determined by using HPLC (Dionex DX500) and 
DC plasma spectrophotometer. Also, I have done determinations for Oxygen,
Hydrogen, Carbon and Sulfur stable isotopes, using Finnigan MAT251 and MAT252 
mass spectrometers.
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8 O, 8D, 8 C analyses were determined at different institutions, including NIU. 
o34S analyses were performed at Indiana University in Bloomington. Chlorine 36 was 
determined at National Livermore Laboratory by Dr Gregory Nimz; helium analyses 
were performed at two places: USGS in Colorado by Gary Landis and at UCSD at the 
Department o f  Geoscience Research Division by David Hilton.





Classification o f  water samples is based on chemical criteria and geographic 
location. A  total o f  139 samples (Table 5.3) were collected from 65 sites (Table 5.1). 
105 samples were analyzed for a complete set o f  major ions (Table 6.1). Eighty-two 
percent o f  these samples have ionic-balance errors lower than 5%, and saturation 
indices (SI) were calculated for all samples o f  that group. The Sis most relevant to the 
determination o f  the origin o f  regional groundwater and its accompanying ions are 
shown in Table 6.2. Selected trace elements were determined in some samples (Table 
6.3). Nine families o f  waters (Table 6.4) have been recognized using chemical criteria 
developed with the help o f  the program Aquachem 3.0. These families are depicted in a 
Piper diagram (Figure 6.1).
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Table 6.1
Samples With a Complete Set o f  Maior-ions. (Description o f  the code listed in the “Site 
Type” column can be found in Chapter 5, Section 5.1.).
SITE N A M E SA M PLIN G
D A T E














1 AA 6/14/1997 S R SPR G 82.0 614.3 969.1 379.5 101.8 14.7 121.7
2  AA 6/22/1998 S R SPR G 79.7 584.5 971.6 357.3 94.7 14.7 114.2
3 A A 12/21/1998 SRSPRG 81.8 632.3 968.1 364.0 92.3 12.4 111.9
4  AA 5/21/1999 SR SPR G 82.8 588.0 944.8 357.5 93.2 13.8 111.5
5 A C N T E6 6/26/1998 N SP W 12.5 72.0 244 .6 67.2 16.9 6.0 38.8
6 A C U X 10 6/18/1997 N SP W 16.6 25.1 298 .6 23.2 31.1 7.0 59.1
7 A C U X 10 6/24/1998 N SP W 19.4 29.7 303.6 23.2 31.0 6.7 65.2
8 A C U X 10 12/17/1998 N SP W 19.9 31.0 23.0 31.1 7.4 66.6
9 A CU X 8 6/18/1997 N SP W 56.4 56.0 491.1 37.4 59.2 10.2 105.0
10 A CU X 8 6/24/1998 N SP W 37.1 40.8 375.2 24.8 37.0 7.3 74.6
11 A M EC1 5/23/2001 N SP W 15.5 140.9 318.3 82.9 20.0 11.6 79.8
12 A M EC3 5/23/2001 N S P W 2.0 11.0 172.3 30.3 9.1 7.6 24.7
13 A TLA U T 7/6/1998 N SIN T S T R M 5.1 4.2 14.1 4.9 1.0 2.0 5.7
14 A TLX 3 5/21/1999 N SP W 42.0 69.6 957.9 146.7 72.5 16.5 113.3
15 A TLX 3 1/4/2000 N SP W 43.7 72.2 969.0 156.6 81.2 17.6 114.6
16 A TLX 3 1/6/2001 N SP W 44.0 72.5 975.4 153.1 74.3 17.4 110.6
17 A TLX 4 6/19/1997 N SP W 68.1 96.3 1247.9 189.1 94.8 20.3 165.9
18 A TLX 4 3/12/1999 N SP W 67.5 96.3 1242.5 187.6 95.1 21.6 157.3
19 A TLX 4 5/29/2001 N SP W 69.3 96.5 1138.5 177.4 94.4 22.9 158.3
20  A TLX 6 3/12/1999 N S P W 54.0 82.7 1092.3 149.9 80.8 18.7 147.7
21 A TLX 9 6/19/1997 N SP W 33.5 36.0 648.1 61.1 56.1 10.0 92.7
22  A TLX 9 6/26/1998 N SP W 33.5 37.0 672.1 72.7 55.6 10.6 96.4
23 A TLX 9 12/18/1998 N SP W 34.1 39.0 664.2 72.3 56.3 11.0 95.7
24  A TLX 9 1/4/2000 N SP W 34.9 39.0 657.7 69.7 48.4 9.5 87.6
25 A TN C 3/10/1999 N SA R T W 24.4 904.0 308.5 304.9 89.1 6.7 62.1
26  A TN C 5/26/1999 N SA R T W 24.6 898.0 313.1 304.2 88.5 6.6 61.5
27  A X O C 6/12/1997 N SH F S PR G 15.4 33.1 363.3 29.5 36.7 5.8 61.6
28 A X O C 7/2/1998 N SH F S PR G 15.7 33.0 341.3 32.1 34.0 5.3 53.7
29 A X O C 12/19/1998 N SH F S PR G 17.3 35.7 375.7 32.8 37.9 5.9 57.7
30  A X O C 5/25/1999 N SH F S PR G 16.4 33.8 242.5 31.7 36.8 5.8 56.7
31 BA G CL 6/14/1997 N SP W 72.0 554.6 739.4 300 .6 86.4 16.1 114.1
32  B A TO TN 7/9/1997 SRSPRG 25.0 573.9 219.7 215.1 48.9 6.1 60.7
33 B H 0N D 1 6/26/1998 N SP W 2.6 10.3 115.8 20.2 8.6 4.4 12.4
34 BH O N D 4 6/26/1998 N SP W 3.6 6.4 118.2 26.0 8.1 4.0 11.1
35 B IX TC 7/7/1997 SRSPRG 122.9 8.0 1874.5 117.3 93.9 36.6 462 .2
36  B IX TC 6/22/1998 SRSPRG 124.6 8.3 1890.7 86.8 89.9 37.9 470.4
37 B PB R A V 6/25/1998 SR A R T W 77.4 559.3 926.6 336.3 81.1 12.6 109.6
38 BRC 6/14/1997 SRSPRG 95.3 843.2 1092.9 489 .6 127.7 15.6 136.7
39 BRC 6/23/1998 S R SPR G 91.1 810.5 1079.7 428.3 120.0 14.1 135.5
40  B R C 12/20/1998 SR SPR G 94.3 859.4 1080.6 421.7 108.4 14.2 132.7
41 BRC 5/20/1999 S R SPR G 90.6 798.7 1031.0 420.1 107.5 14.8 129.2
42  C A D E N A 6/10/1997 N SIN T S T R M 1.3 3.7 34.9 5.3 2.0 3.0 7.4
43 C A LPA N 5/31/2001 N SP W 0.4 14.8 59.9 9.4 5.8 3.9 8.5
44  CARC3 6/18/1997 N SP W 30.8 69.7 1431.6 132.7 126.9 24.4 130.6
45 CA RL2 ■ 6/12/1997 N SP W 7.6 21.4 266.3 30.6 26.7 4 .6 38.0
46  CIX TA C 12/17/1998 N SIN T S T R M 1.3 5.5 19.2 3 .6 1.5 2.0 4.0
47  CPLA ZA 6/23/1998 SR A R T W 75.7 675.8 883.4 353.4 95.3 16.9 112.7
48 CRA M A X 7/9/1997 N SIN T S T R M 3.8 27.7 35.6 7.0 5.0 1.6 11.1
49 D R PO N D 3/10/1999 SRSPRG 23.3 1111.0 294.1 375.1 100.9 6.9 62.2
50 H U A Z 7/9/1997 N SP W 5.7 37.3 95.2 14.7 12.8 3.2 19.0
(Continued on following page)
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Table 6.1 (continued)
SITE N A M E SA M PLIN G
D A T E














51 IX TL2 06/16/1997 N SH O TSPR G 527.8 1359.6 205.4 514.9 82.1 20.3 363.8
52 IX TL2 12/21/1998 N SH O T S PR G 554.6 1396.6 212.2 500.9 84.3 20.0 366.2
53 IX TL2 05/24/1999 N SH O T S PR G 553.9 1405.5 196.2 516.0 83.1 22.1 364.4
54 LA G M E X 05/23/2001 N SP W 9.3 69.2 228.4 54.1 14.7 9.9 51.4
55 LA G SO M 06/11/1997 N SP W 2.2 3.9 42.9 9.1 8.7 4.1 11.0
56 LE O N 06/12/1997 N SP W 9.7 26.8 218.2 28.3 23.3 4.4 38.8
57 M ETA L 07/08/1997 SRA RTW 75.4 440.5 886.8 304.0 84.1 12.2 106.7
58 M G U IL 03/11/1999 N SH FSPR G 1.0 2.3 82.7 7.4 7.8 0.6 8.8
59 M O M X 5 06/24/1998 N SP W 34.6 68.6 1250.6 155.9 113.6 19.4 121.9
60 M O M X 5 12/18/1998 N SP W 36.6 70.3 1290.9 150.3 117.5 20.7 121.5
61 M O M X 5 05/21/1999 N SPW 30.7 64.5 1059.5 141.2 96.0 16.2 95.8
62 M O M X 5 01/06/2001 N SPW 34.9 69.7 1157.4 142.9 110.4 18.0 108.4
63 M O M X 5 05/23/2001 N SPW 35.0 71.3 983.1 141.8 107.7 19.3 104.7
64 M O R T 4 06/18/1997 N SP W 21.6 88.3 308.4 77.3 20.0 10.3 54.6
65 M O RT4 06/26/1998 N SP W 24.1 107.0 341.4 79.0 22.4 11.1 64.9
66 N EA LT2 06/24/1998 N SP W 4.2 13.3 140.9 14.6 12.7 2.8 19.1
67 N EA LT2 12/17/1998 N SPW 7.2 19.1 164.7 16.4 14.4 2.9 23.0
68 N EA LT5 06/18/1997 N SPW 4.2 9.9 126.9 15.6 12.6 3.7 23.3
69 N EA LT5 12/17/1998 N SP W 5.2 11.4 132.8 14.4 12.7 4.3 21.4
70 N EX P 07/06/1998 N SIN T ST R M 4.5 4.1 9.2 3.3 0.7 1.6 3.5
71 O CARB 06/16/1997 N SH FSPR G 16.6 1327.4 305.8 512.4 96.7 2.5 57.0
72 O CARB 12/21/1998 N SH F S PR G 19.4 1452.5 305.0 490.7 95.5 4.3 49.6
73 O CARB 05/24/1999 N SH F S PR G 19.2 1435.8 268.7 467.5 93.5 4.2 49.7
74 PH U ER F 01/08/1997 N SH FSPR G 3.4 6.4 235.2 29.9 15.4 11.5 29.4
75 PR TO P 03/11/1999 N SPW 18.9 56.6 264.3 34.2 31.4 5.4 48.5
76 RCH1 07/07/1997 N SPW 26.0 80.3 1068.5 142.0 87.1 19.6 125.0
77 RCH1 05/21/1999 N SP W 28.6 82.0 1009.3 143.6 90.5 19.8 123.2
78 RCH 5 07/07/1997 N SP W 17.1 96.4 686.0 110.9 46.2 17.8 96.9
79 RCH 5 06/24/1998 N SP W 19.6 119.4 663.2 118.0 40.2 17.8 96.0
80 RCH5 12/18/1998 N SP W 19.7 113.9 643.0 107.2 37.7 17.6 93.7
81 R CH B 01/05/2001 N SP W 53.3 346.9 1009.9 230.5 98.6 23.9 123.6
82 R LA G U N 06/11/1997 N SP W 14.0 29.5 158.3 19.9 24.0 5.4 20.0
83 SI 06/17/1997 SRA RTW 102.9 1036.1 1166.8 532.5 140.3 18.5 162.1
84 S2 06/17/1997 SRA RTW 92.1 820.7 1112.7 469.3 120.3 16.7 140.3
85 S2 06/23/1998 SRA RTW 91.9 806.2 1083.0 425.1 115.5 16.6 130.7
86 S2 12/20/1998 SRA RTW 91.0 776.3 1086.5 428.2 109.2 16.0 126.8
87 S2 05/20/1999 SRA RTW 90.5 774.2 1000.7 422.3 110.0 14.6 127.2
88 S2 05/29/2001 SRA RTW 98.3 791.4 1039.6 420.1 117.0 16.6 136.0
89 SISAB 06/22/1998 SRSPRG 3.7 4.8 72.9 7.1 7.2 3.8 11.3
90 SM ZAC 06/22/1997 N SPW 1.8 10.1 147.3 11.9 13.5 4.2 23.3
91 SNC 06/16/1997 SRSPRG 82.0 1485.1 384.6 521.1 127.1 11.5 107.0
92 SNC 12/21/1998 SRSPRG 82.4 1531.4 412.6 490.3 128.7 11.0 97.2
93 SPB JJ 06/12/1997 N SIN T ST R M 2.4 5.6 24.8 5.8 1.7 2.2 5.9
94 SPB JJ 12/19/1998 N SIN T ST R M 4.4 9.6 24.8 5.4 1.6 2.1 6.3
95 SPB JP 05/19/2001 N SPW 1.4 6.1 122.3 15.6 10.3 2.6 19.7
96 TEP 07/13/1997 SRA RTW 93.2 77.0 999.6 250.7 58.8 15.2 120.0
97 TEP 06/25/1998 S RA RTW 91.6 63.2 1100.4 237.1 60.4 14.4 119.3
98 TEP 05/19/1999 SRA RTW 91.8 65.8 1079.4 225.0 55.7 14.6 116.1
99 V W 06/19/1997 SRA RTW 112.9 704.3 1009.5 404.3 111.3 17.9 164.0
100 X O U 06/19/1997 N SH F S PR G 2.1 6.8 74.9 9.2 6.1 2.2 16.5
101 X O U 07/02/1998 N SH FSPR G 2.0 7.7 87.1 10.5 6.4 2.4 14.5
102 X O U A TL 12/19/1998 N SH F S PR G 2.2 7.8 83.8 9.9 6.2 2.3 16.6
103 X O U A T L 01/05/2001 N SH FSPR G 2.2 7.9 63.0 9.5 5.8 2.3 16.1
104 X O X TL1 06/26/1998 N SP W 4.0 20.6 195.2 24.7 19.8 6.1 29.1
105 X OX TL1 12/16/1998 N SP W 8.2 24.6 177.8 22.5 19.1 6.6 23.9
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Table 6.2
SI for the 105 Samples With Complete analyses
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SITE NAME SAMPLING SITE TYPE GEOGRAPHIC WATER FAMILIES
DATE GROUP
1 BAGCL 6/14/1997 NSPW NSPWLOWC02PV Ca-Mg-HCO 3-S04
2 BPBRAV 6/25/1998 SRARTW SRARTWPV Ca-Mg-HC03-S04
3 CPLAZA 6/23/1998 SRARTW SRARTWPV C a-Mg-H C 03-S04
4 METAL 7/8/1997 SRARTW SRARTWPV Ca-Mg-HC03-S04
5 S2 6/17/1997 SRARTW SRARTWPV Ca-Mg-H C03-S04
6  S2 6/23/1998 SRARTW SRARTWPV Ca-Mg-H C03-S04
7 S2 12/20/1998 SRARTW SRARTWPV Ca-Mg-H C 0  3-S04
8  S2 5/20/1999 SRARTW SRARTWPV C a-Mg-H C 0  3-S04
9 S2 5/29/2001 SRARTW SRARTWPV Ca-Mg-HC03-S04
10 VW 6/19/1997 SRARTW SRARTWPV Ca-Mg-HC03-S04
11 AA 6/14/1997 SRSPRG SRSPRGPV Ca-Mg-HC03-S04
12 AA 6/22/1998 SRSPRG SRSPRGPV Ca-Mg-HC03-S04
13 AA 12/21/1998 SRSPRG SRSPRGPV Ca-Mf-HC03-S04
14 AA 5/21/1999 SRSPRG SRSPRGPV Ca-Mg-HC03-S04
15 BRC 6/14/1997 SRSPRG SRSPRGPV Ca-Mg-HC03-S04
16 BRC 6/23/1998 SRSPRG SRSPRGPV Ca-Mg-HC03-S04
17 BRC 5/20/1999 SRSPRG SRSPRGPV Ca-Mg-HC03-S04
18 ATN C 3/10/1999 NSARTW NSARTWAIM Ca-Mg-S04-HC03
19 ATNC 5/26/1999 NSARTW NSARTWAIM Ca-Mg-S04-HC03
20 S1 6/17/1997 SRARTW SRARTWPV Ca-Mg-S04-HC03
21 BATOTN 7/9/1997 SRSPRG SRSPRGAIM Ca-Mf-S04-HC03
22 BRC 12/20/1998 SRSPRG SRSPRGPV Ca-Mg-S04-HC03
1 OCARB 6/16/1997 NSHFSPRG NSHFSPRGAIM Ca-Mg-S04
2 OCARB 12/21/1998 NSHFSPRG NSHFSPRGAIM Ca-Mg-S04
3 OCARB 5/24/1999 NSHFSPRG NSHFSPRGAIM Ca-Mg-S04
4 DRPOND 3/10/1999 SRSPRG SRSPRGAIM Ca-Mg-S04
5 SNC 6/16/1997 SRSPRG SRSPRGAIM Ca-Mg-S04
6  SNC 12/21/1998 SRSPRG SRSPRGAIM Ca-Mg-S04
1 IXTL2 6/16/1997 NSHOTSPRG NSHOTSPRGAIM Ca-Na-S04-CI
2 IXTL2 12/21/1998 NSHOTSPRG NSHOTSPRGAIM Ca-Na-S04-CI
3 IXTL2 5/24/1999 NSHOTSPRG NSHOTSPRGAIM Ca-Na-S04-CI
1 ACUX8 6/18/1997 NSPW NSPWLOWC02PV Mg-Na-HC03
2 ACUX10 6/18/1997 NSPW NSPWLOWC02FV Na-Mg-HC03
3 ACUX10 6/24/1998 NSPW NSPWLOWC02PV Na-Mg-HC03
4  ACUX10 12/17/1998 NSPW NSPW L0W C 02PV Na-Mg-HC03
5 ACUX8 6/24/1998 NSPW NSPWLOWC02PV Na-Mg-HC03
6  BIXTC 7/7/1997 SRSPRG SRSPRGPV Na-Mg-HC03
7 BIXTC 6/22/1998 SRSPRG SRSPRGPV Na-Mg-HC03
(Continued on following page)
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rable 6.4 (continued)





1  RCHB 1/5/2001 NSPW NSPWHIGHC02PV Ca-Mg-Na-HC03-S04
2 ACNTE6 6/26/1998 NSPW NSPWLOWC02PV Ca-Na-Mg-HC03-S04
3 MORT4 6/18/1997 NSPW NSPWLOWC02PV Ca-Na-M g-H CO 3-S04
4 M ORT4 6/26/1998 NSPW NSPWL0WC02PV Ca-Na-Mg-HC03-S04
5 CALPAN 5/31/2001 NSPW NSPWLO WC 02PV Mg-Ca-Na-HC03-S04
6  HUAZ 7/9/1997 NSPW NSPWLOWC02AIM Mg-N a-C a-H CO 3-S04
7 CRAMAX 7/9/1997 NSINTSTRM NSINTSTRMPV Na-Mg-Ca-HC03-S04
1 NEXP 7/6/1998 NSINTSTRM NSINTSTRMMXS Ca-Na-HC03-CI
2 ATLAUT 7/6/1998 NSINTSTRM NSINTSTRMMXS Na-Ca-HC03-CI
1  SPBJJ 12/19/1998 NSINTSTRM NSINTSTRMPV N a-C a-H CO 3-S04
2 AMEC1 5/23/2001 NSPW NSPWLOWC02PV Ca-N a-H CO 3-S04
3 LAGMEX 5/23/2001 NSPW NSPWLOWC02PV Ca-Na-HC03-S04
1 CIXTAC 12/17/1998 NSINTSTRM NSINTSTRMPV Ca-Na-Li-Mg-HC03-S04
1 ATLX3 5/21/1999 NSPW NSPWHIGHC02PV Ca-Mg-Na-HC03
2 ATLX3 1/4/2000 NSPW NSPWHIGHC02PV Ca-Mg-Na-HC03
3 ATLX3 1 / 6 / 2 0 0 1 NSPW NSPWHIGHC02PV Ca-Mg-Na-HC03
4 ATLX4 6/19/1997 NSPW NSPWHIGHC02PV Ca-M^Na-HC03
5 ATLX4 3/12/1999 NSPW NSPWHIGHC02PV Ca-Mg-Na-HC03
6  ATLX4 5/29/2001 NSPW NSPWHIGHC02PV Ca-Mg-Na-HC03
7 ATLX6 3/12/1999 NSPW NSPWHIGHC02PV Ca-Mg-Na-HC03
8  RCH5 7/7/1997 NSPW NSPWHIGHC02PV Ca-Na-Mg-HC03
9 RCH5 6/24/1998 NSPW NSPWHIGHC02PV Ca-Na-Mg-HC03
10 RCH5 12/18/1998 NSPW NSPWHIGHC02PV Ca-Na-Mg-HC03
11 MOMX5 6/24/1998 NSPW NSPWHIGHC02PV Mg-Ca-Na-HC03
12 MOMX5 12/18/1998 NSPW NSPWHIGHC02PV Mg-Ca-Na-HC03
13 MOMX5 5/21/1999 NSPW NSPWHIGHC02PV Mg-Ca-N a-HCO 3
14 MOMX5 1 /6 / 2 0 0 1 NSPW NSPWHIGHC02PV Mg-Ca-Na-HC03
15 MOMX5 5/23/2001 NSPW NSPWHIGHC02PV Mg-Ca-N a-HCO 3
16 RCH1 7/7/1997 NSPW NSPWHIGHC02PV Mg-Ca-Na-HC03
17 RCH1 5/21/1999 NSPW NSPWHIGHC02PV Mg-Ca-N a-HC03
18 CARC3 6/18/1997 NSPW NSPWHIGHC02PV Mg-Ca-Na-HC03
19 ATLX9 6/19/1997 NSPW NSPWHIGHC02PV Mg-N a-C a-HC03
20 ATLX9 6/26/1998 NSPW NSPWHIGHC02PV Mg-Na-Ca-HCO 3
21 ATLX9 12/18/1998 NSPW NSPWHIGHC02PV Mg-Na-Ca-HC03
22 ATLX9 1/4/2000 NSPW NSPWHIGHC02PV Mg-Na-Ca-HC03
(Continued on following page)
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Table 6.4 (continued)
SITE NAME SAMPLING SITE TYPE GEOGRAPHIC WATER FAMILIES
DATE GROUP
1 BHONDT 6/26/1998 NSPW NSPWL0WC02PV Ca-Mg-Na-HC03
2 BH0ND4 6/26/1998 NSPW NSPWL0WC02PV Ca-Mg-Na-HC03
3 PHUERF 1/8/1997 NSHFSPRG NSHFSPRGPV Ca-Na-Mg-HC03
4 SPBJJ 6/12/1997 NSINTSTRM NSINTSTRMPV Ca-Na-Mg-HC03
5 AMEC3 5/23/2001 NSPW NSPWLOWC02PV Ca-Na-Mg-HC03
6 TEP 7/13/1897 SRARTW SRARTWPV Ca-Na-Mg-HC03
7 TEP 6/25/1998 SRARTW SRARTWPV Ca-Na-Mg-HC03
STEP 5/19/1999 SRARTW SRARTWPV Ca-Na-Mg-HC03
9 RLAGUN 6/11/1997 NSPW NSPWL0WC02AIM Mg-Ca-Na-HC03
10 xoxrn 12/16/1998 NSPW NSPWL0WC02PV Mg-Ca-Na-HC03
11 MGUIL 3/11/1999 NSHFSPRG NSHFSPRGAIM Mg-Na-Ca-HC03
12 AXOC 6/12/1997 NSHFSPRG NSHFSPRGPV Mg-Na-Ca-HC03
13 AXOC 7/2/1998 NSHFSPRG NSHFSPRGPV Mg-Na-Ca-HC03
14 AXOC 12/19/1998 NSHFSPRG NSHFSPRGPV Mg-Na-Ca-HC03
15 AXOC 5/25/1999 NSHFSPRG NSHFSPRGPV Mg-Na-Ca-HC03
16 CARL2 6/12/1997 NSPW NSPWL0WC02AIM Mg-Na-Ca-HC03
17 LEON 6/12/1997 NSPW NSPWL0WC02AIM Mg-Na-Ca-HC03
18 PRTOP 3/11/1999 NSPW NSPWL0WC02AIM Mg-Na-Ca-HC03
19 LAGSOM 6/11/1997 NSPW NSPWLOWC02PV Mg-Na-Ca-HC03
20 NEALT2 6/24/1998 NSPW NSPWLOWC02PV Mg-Na-Ca-HC03
21 NEALT2 12/17/1998 NSPW NSPWLOWC02PV Mg-Na-Ca-HC03
22 NEALT5 6/18/1997 NSPW NSPWLOWC02PV Mg-Na-Ca-HC03
23 NEALT5 12/17/1998 NSPW NSPWLOWC02PV Mg-Na-Ca-HC03
24 SMZAC 6/22/1997 NSPW NSPWL0WC02PV Mg-Na-Ca-HC03
25 XOXTL1 6/26/1998 NSPW NSPWLOWC02PV Mg-Na-Ca-HC03
26 SISAB 6/22/1998 SRSPRG SRSPRGPV Mg-Na-Ca-HC03
27 XOUATL 1/5/2001 NSHFSPRG NSHFSPRGPV Na-Ca-Mg-HC03
28 CADENA 6/10/1997 NSINTSTRM NSINTSTRMPV Na-Ca-Mg-HC03
29 XOU 6/19/1997 NSHFSPRG NSHFSPRGPV Na-Mg-Ca-HC03
30 XOU 7/2/1998 NSHFSPRG NSHFSPRGPV Na-Mg-Ca-HC03
31 XOUATL 12/19/1998 NSHFSPRG NSHFSPRGPV Na-Mg-Ca-HC03
32 SPBJP 5/19/2001 NSPW NSPWL0WC02PV Na-Mg-Ca-HC03
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Figure 6.1. Piper diagram with water families.
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6.1.2. Geographic Location
A strong correlation exists between water chemistry and geographic location. 
This correlation facilitates the grouping o f  the samples discussed in this chapter into 
three distinct geographic divisions. For a discussion o f  results, the sample classification 
code developed in Chapter 5 is used. That code incorporates a general chemical 
characteristic o f  the sampled water (e.g. sulfide rich -S R  versus non sulfide rich -N S )  
and the type o f  site sampled (SPRG = spring, ARTW = artesian well, PW = pumping 
well, etc.). To help the reader correlate the sample identification with these parameters, 
the code was augmented by adding the initials o f  the geographic location, and, if  
applicable, another geochemical characteristic, (e.g. Low CO2 versus High CO2). This 
code is listed under the heading o f “geographic group” in Table 6.4.
6.1.2.1.PV  (Puebla Valiev)
The most abundant family o f  water in the study area has Ca-Mg-Na-HCC>3 as 
the dominant ions. Ninety percent o f  the samples associated with this family o f  water 
are located within the PV. Sixty-three percent o f  these samples come from non-sulfide 
pumping wells (NSPW) which have been drilled into the upper aquifer unit o f  the PV. 
Within this family group, there are eight NSPW, located in a circumscribed region, 
characterized by exceptionally high CO2 content. These are located between the city o f  
Puebla and the towns o f  Cholula and Atlixco within an area o f  approximately 10 km . 
Samples from this locality are hereafter referred to as the Cholula-Atlixcayotl 
Subgroup.
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The second most abundant family o f  water in the study area contains Ca-Mg- 
HCO3-SO4 as the dominant ions. Eighty-six percent o f  the water samples in this family 
are located in the PV. Eighty-two percent o f  the water samples come from the confined 
aquifer unit in PV, represented by sulfide-rich springs (SRSPRG) and artesian wells 
(SRARTW).
There are two families o f  water, with seven samples each that occupy the third 
place among the most abundant family o f  waters in the study area. One family has Mg- 
Na-HC0 3  as the dominant ions. Two samples within this family are SRSPRG located 
near the southwest flank o f  Mt. Malinche. The other five samples are NSPW located 
near the northeast flank o f  Mt. Popocatepetl. The other family, characterized by Ca-Mg- 
Na-HC0 3 -S0 4 , has six members o f  the NSPW type; except for one sample, all o f  them 
are located within the PV. The only NSINTSTRM in this family is also located in PV.
The rest o f  samples collected in Puebla fall within the following two families o f  
water: Ca-Na-HC0 3 -S0 4  and Ca-Na-Li-Mg-HC0 3 -S0 4 .
6 .1.2.2. AIM fAtlixco-Izucar de Matamorosl
Two families o f  water: Ca-Mg-SC>4 and Ca-Na-SCVCl are characteristic o f  the 
southern part o f  the study area, in the Atlixco- Izucar de Matamoros region. Diverse 
types o f  springs are involved in these families (Table 6.4). At present, the internal 
structure o f  the aquifer system is unknown, except that, based on the artesian character 
o f some wells and the presence o f  springs, it is inferred that a confined unit exists here 
too.
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Five samples, all o f  them NSPW, are associated with the Ca-Mg-Na-HC0 3 , the 
most abundant type o f  water in the study area. One non-sulfide artesian well 
(NSARTW), and one sulfide-rich spring (SRSPRG) are within the Ca-Mg-HC0 3 -S0 4  
(second largest family in the study area). There is only one sample, a NSPW, associated 
with the Ca-Mg-Na-HC0 3 -S0 4 .
6 .1.2.3. MXS (Mexico State)
Two out o f  the three intermittent streams are located in Mexico State, and both 
o f  them belong to the Ca-Na-HC0 3 -Cl family o f  water.
6.2. Field Parameters
The pH o f  the samples analyzed ranges from 5.6 to 8 , with AXOC having the 
lowest pH, and ACUX8 the highest (Table 5.3). A  plot o f pH versus alkalinity (as 
bicarbonate) (Figure 6.2) shows a scattered distribution o f the samples; this is expected 
in a system where processes other than simple dissolution o f  carbonates are taking 
place.
Conductivity o f  all samples in the study ranges from 0.053 to 3.740 mS/cm. The 
CADENA site (NSINTSTRM in PV) has the lowest conductivity. The highest 
conductivities were measured for SNC (SRSPRG in AIM), with an average 
conductivity o f  3.205 (highest was 3.740), and IXTL2 with an average conductivity o f  
3.505 (3.650 was the maximum measured) (Table 5.3).
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Figure 6.2. Alkalinity (as HCO3') versus pH. (a) Refer to Table 6.4 to obtain 
information about family o f  water and site type with geographic location, (b) Refer to 
Table 6.1 to correlate site type with name o f  the sample and concentration, (c) The 
Cholula-Atlixcayotl subgroup is part o f  the Mg-Na-Ca-HC03 family o f  water, but in 
this figure, and thereafter, it is plotted with a different legend to highlight the 
distinctiveness o f  its chemistry compared to the rest o f  the group.
Field temperatures o f  the water samples ranged from 6.4 to 53.5 °C. IXTL2 is 
the sample with the highest temperature (an average o f  52.8 °C), and NEXP, an 
NSINTSTRM, had the lowest temperature (6.4 °C) (Table 5.3). Average temperatures 
for the site types are listed in Table 5.1.
The redox potential (Eh), reported in mV, was measured for some samples 
(Table 5.3). Samples with an (*) indicate that the measuring instrument had not been 
calibrated at the time o f  collection. Overall, the measurements collected are in 
agreement with what is expected from the chemical composition. For example, values
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lower than 120 mV correspond to water samples containing sulfides. However, in many 
cases when the site was sampled at different dates, the readings between samplings 
were highly variable. One case is the AA spring, which has an average sulfide 
concentration o f  6.7 ppm, and a measured REDOX range o f  7 to 56 mV. Other 
parameters like pH, temperature, and conductivity do not reflect any dramatic 
difference. Therefore, the variability o f  the values was attributed to rapid escape and/or 
oxidation o f  H2S and/or sluggish functioning o f the sensor.
The variability o f  the measurements was observed in all type o f  sites. For 
example, in the case o f  RCH5, a non-sulfide pumping well, the lowest Eh measurement 
(3.3 mV) was registered in June 1998, but a value o f  334 mV was obtained in December 
1998. Again, I attribute the changes to erratic functioning o f  the equipment because 
other samples located nearby (RCH1 and MOMX5), with chemical characteristics 
similar to RCH5, have REDOX values above 200 mV (except for one reading o f  the 
MOMX5, made with an uncalibrated instrument).
6.3. Geochemical Characteristics and Possible Mineral Sources for 
Major and Trace Elements Dissolved in the Aquifer System
In addition to the classification scheme already described, ratios o f  major ion 
concentrations and o f  distinctive trace elements were applied to identify geochemical 
characteristics and trends o f  each aquifer unit. Sections 6.3.1, 6.3.2, and 6.3.3 provide a 
description o f  the most distinctive characteristics o f  the aquifer units, and the high flow  
springs and intermittent streams. Saturation Indices are discussed in Section 6.3.4. 
Isotopic ratios are discussed toward the end o f  this section.
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Based on the observed ratios discussed below, it seems that the confined 
aquifers, in the PV and AIM, are mainly influenced by the dissolution o f  evaporites; and 
samples in the upper aquifer system (mostly NSPW in PV) are incongruently dissolving 
igneous minerals (e.g. feldspar and mafic minerals) present in volcanically-derived 
sediments.
6.3.1. Distinctive Geochemical Characteristics o f  
the Confined Aquifer System
Sulfide rich springs (SRSPRG) and artesian wells (SRARTW) are the 
representative sampled sites o f  the confined unit in the PV. In addition to sulfur 
compounds present in the water o f  these samples, waters o f this aquifer unit are 
characterized by their high HCO3' (reported as alkalinity) and CO2 content (Table 6.1, 
and Figure 6.3).
In the AIM region, the sampled sites identified as coming from the confined unit 
were not limited to SRSPRG; they included a non-sulfide artesian well (NSARTW), a 
non-sulfide hot spring (NSHOTSPRG), and a non-sulfide high flow spring 
(NSHFSPRG). Even though sulfide was not detected in all o f  them, a common 
geochemical characteristic is their high SO42' concentration; samples in this region have 
the largest content in the study area.
High CO2 concentrations were mainly observed in the three sulfide-rich sites: 
SNC, BATOTN, DRPOND (Table 6.1, and Figure 6.3). Despite similar SO42' 
concentrations in the SRSPRNG group, samples in both AIM and PV regions, the
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Figure 6.3. Alkalinity (as HCO3) versus Fugacity.
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springs within AIM (OCARB, DRPOND, SNC, IXT2, BATOTN) have significantly 
lower alkalinity than samples in the confined aquifer in Puebla (PV) (Figure 6.4).
Four NSHFSPRGs, three o f  them located in PV (PHUERF, AXOC, XOU) and 
one in the AIM region (MGUIL), are not considered to be in contact with the deep 
confined unit discussed here. Therefore, they are discussed in section 6.3.3 along with 
the NSINTSTRM. The criterion used to separate them from the deep confined water 
samples is primarily their low SO42" content.
In most natural fresh waters o f  near-neutral pH, bicarbonate (HCO3 ) is the 
dominant anion, and the balancing major cations are: Ca2+, Mg2+, and Na+ (Drever, 
1997). However, within the confined aquifer, especially in the PV (SRARTW and 
SRSPRG), SO42' and HCO3' are together the dominant anions, and Ca2+ and Mg2+ are 
the dominant balancing cations (Figures 6.4 and 6.5). In the AIM region HCO3' is 
present in relatively low concentrations, and SO42' is the dominant anion (Table 6.1). 
Plotting ratios that include dominant ions help to visualize which samples were 
influenced by a particular ion. For example, the HCO3' / (Ca2+ + Mg2+) ratio plotted 
versus SO42’ (Figure 6 .6 ) illustrates that bicarbonate contributes 50 % or less to the 
balance o f  the two dominant cations in samples from the confined aquifers in PV and 
AIM.



















































Figure 6.4. Alkalinity (as HCO3") versus SO4 ' .  (a) Refer to Table 6.4 to correlate family o f  water 
and site type and their geographic location, (b) Refer to Table 6.1 to correlate site type with name o f  
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Figure 6.5. Ratios o f  relevant ions in groundwater o f  the study area. Sodium and potassium are 
distinctive elements for the unconfined aquifer unit o f  the Puebla Valley, represented mainly by 
Mg-Na-Ca-HC0 3  family o f  water, which includes the Cholula-Atlixcayotl subgroup. The lines 
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Figure 6 .6 . SO4 versus (HC0 3 /(Ca + Mg)). Bicarbonate contributes 50 % or less to the ionic
balance o f  water samples in the AIM region, and SRSPRG and SRARTW groups o f  the PV.
Sulfate is a distinctive ion in those groups. For most o f  the samples in the unconfmed aquifer o f
the PV, calcium plus magnesium are insufficient to balance the contribution o f  bicarbonate. For
these samples, sodium is quantitatively important (see Figure 6 .5 ).. _
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The linear correlation between the SI-Dolomite and Sl-Calcite, discussed in
• • 94-section 6.3.4 (Figure 6.7), suggests these minerals as important sources for Ca and 
Mg2+, especially, for the confined aquifer in PV (Ca-Mg-SCVHCCh, Ca-M g-S04 
families) and AIM (Ca-Na-SCVCl). A  linear relationship is also observed between Ca2+ 
and Mg2+, especially, for the SRSPRG and SRARTW groups o f  the confined aquifers in 
PV where a correlation coefficient (R2) o f  0.93 was calculated (Figure 6 .8). Samples 
from the upper aquifer, particularly members o f  the Ca-Mg-Na-HCC>3 family (except 
for the TEP samples, which fall on the upper line), delineate the lower line, with R2 = 
0.67. The Cholula-Atlixcayotl subgroup is dispersed between the lower and upper lines. 
The highest concentrations for calcium and magnesium were reported for the SRSPRG 
and SRARTW sites in PV, and samples in AIM. The confined aquifers in PV and AIM 
have average Ca/Mg ratios o f  2.29 and 3.07, respectively.
The strontium concentration correlates linearly with sulfate in all the samples o f  
the SRSPRG group o f the PV, with an R2 = 0.86 (Figure 6.9). In contrast to this 
behavior, the concentration o f  sulfate in the Cholula-Atlixcayotl group is almost 
constant and independent o f  strontium concentration (Figure 6.9 inset). Samples in the 
AIM region have the highest average concentration in strontium (Figure 6.9).
Overall, strontium has relatively restricted geological distribution in sedimentary 
rocks, with most o f  its occurrences associated with the reaction o f  hypersaline Sr- 
bearing fluids with gypsum and anhydrite (Hanor, 2000). Cretaceous evaporites are 
reported to be exposed in the southern part o f  the study area (Chapter 3). Therefore, 
based on the relatively high concentration o f  Sr in the confined aquifer (Table 6.3), and
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Figure 6.7. Sl-Calcite versus SI-Dolomite
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Figure 6 .8 . Ca versus Mg. Calcium and magnesium have good linear correlation, particularly,
for the SRSPRG and SRARTW groups. The Ca-Mg-Na-HC0 3  family, except for the Cholula-
Atlixcayotl subgroup and TEP, are also well correlated, (a) Refer to Table 6.4 to correlate
family o f  water and site type and their geographic location, (b) Refer to Table 6.1 to correlate
site type with name o f  the sample and their concentration.. _-
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Figure 6.9. Sr2+ versus SO42' . Distribution o f  all samples in the study area. The 
SRSPRG and SRARTW groups in PV have a good linear correlation between Sr2+ and 
SO42' with R2 = 0.86. Inset shows samples predominantly located in the unconfined 
aquifer o f  the PV.
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its good correlation with sulfate, it is inferred that water from the confined aquifer is in 
contact with evaporite deposits. However, there are other possible sources to consider 
based on the geologic environment o f  the study area.
During diagenetic alteration o f  aragonite to calcite in marine carbonates, Sr is 
released (Morse and Mackenzie 1990). In the study area, Cretaceous limestone, which 
is the probable host material o f  the confined aquifer, is a possible source o f  strontium. 
Although I could not locate a petrologic study o f these deposits, it is reasonable to 
expect aragonite to be present in marine Cretaceous limestone. The presence o f  trace 
elements like bromine, boron, and lithium, and the use o f other major elements that 
were not described above (chlorine and sodium), and their ratios, helped in the 
geochemical characterization o f the aquifer system in the study area.
C1‘ and Br' have similar chemistry, and both o f  them are, as a first 
approximation, considered conservative ions; therefore, they can be used to help trace 
the origin o f  water. Chloride is commonly used to normalize equations that relate ions 
that may evolve from seawater (Velazquez-Oliman, 1995; Davisson and Criss. 1996; 
Perry et al. 2002).
In the study area, i f  two extreme sample values are excluded, chloride and 
bromide concentrations (measured in ppm) in PV and AIM vary in a nearly linear 
manner (Figure 6.10), satisfying the linear equation:
(Cl") = 402(Br') -5.6 (R2 = 0.92) (6.1)
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Figure 6.10. Cl versus Br.
Excluded samples are the IXTL2 hot spring, with an average ppm Cl'/Br' ratio 
o f 1715.6 and ATLX9, with a ratio o f  41.5. The lowest measured Cl'/Br' ratio is 29.1 
from AMEC3, but this is a pure mountain spring o f  very dilute water with little chance 
to react with aquifer rocks.
Chloride and bromide geochemistry o f  groundwater o f  the study area can be 
compared to groundwater geochemical studies o f  Davis et al. (2001). They reported 
Cl'/Br' ratios between 44 and 948 for 21 springs distributed in 10 different states in the 
U.S. Pre-anthropogenic values measured in their study vary between 40 and 300.
Cl'/Br' values close to the seawater ratio are to be expected in areas near the 
coast, and lower values in places far inland (Davis et al. 2001). However, in the study
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area, most o f  the samples in the PV and AIM have Cl'/Br ratios greater than 290, with 
an average ratio o f  383. Ratios greater than 290 can be attributed to dissolution o f  
evaporites (in this case halite), where Cl'/Br' ratios are commonly greater than 500 and 
may be greater than 1000 (Davis et al. 2001). These high ratios are the result o f  
exclusion o f bromide from halite.
In the study area, the highest average Cl'/Br' ratios occur in samples from the 
confined aquifer (455 for AIM and 390 for PV samples); the next highest average ratios 
occur in the unconfined Cholula-Atlixcayotl group, with an average ratio o f  308. All o f  
these observations support or are consistent with the dissolution o f  evaporite as the 
dominant geochemical process contributing halide ions to the confined aquifer.
The average value Cl'/Br' for some samples o f  the unconfined aquifer is 253.
The ion source o f  water o f  the hottest spring (IXL2) is unknown, but the high Cl'/Br' 
ratio o f  its water suggests that it may be in contact with an evaporite deposit.
The Cl" /Na+ ratio in all the samples in the study area, except for IXTL2, is 
significantly lower than the ratio in seawater. The confined aquifer in PV has an 
average ratio o f  0.42, and the upper aquifer, particularly the Cholula-Atlixcayotl 
subgroup, has an average ratio o f  0.2. The IXTL2 site is located in the AIM, and its 
average Cl-/Na+ ratio is 0.97. In the rest o f  the sites in the AIM region, the ratios range 
between 0.2 and 0.5.
Even though there is a good correlation between Cl" and Na+, the trend lines o f  
the confined aquifers (PV and AIM) and the upper aquifers are different, and both o f  
them differ from seawater (Figure 6.11). In fact, the distribution o f the upper aquifer
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Figure 6.11. Cl versus Na with schematic trends o f  possible chemical evolution paths.
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samples is more dispersed in the plot (Figure 6.11 inset). A  similar relationship is 
observed between Cl' and K+ (Figure 6.12).
In an attempt to understand the origin and possible evolution o f  Na+ in the 
system and to evaluate the possibility o f  the persistence o f  ancient or “fossil” water 
influenced by basinal fluid dissolution (particularly in the confined aquifer), a 
mathematical expression was used to calculate Ca-excess and Na-deficit relative to 
seawater ratios (Davisson et al. 1996). In their study Davisson et al. examined more 
than 800 samples around the globe in various basinal fluid reservoirs in which samples 
ranged in Cl concentrations between 1-300 mg/L. The basins ranged in lithology from 
carbonates to granites. They attributed the calculated Ca-excesses and Na-deficits 
observed to the albitization o f  plagioclase.
In the mathematical formulation o f Davisson et al., calcium and sodium 
concentrations measured in the field are normalized against Ca2+/Cl' and Na+/Cl' ratios 
in seawater (sw):
Ca excess [C a meas -  (C a/C l)sw  Clmeas] 2 /40.08 
Na d e f i c i t  — [(N a /C l)sw  C lmeas — N a meas] 1/22.99 
C ameas, Clmeas, and N a meas are the calcium, chloride and sodium measured 
concentrations (in mg/1). The results in the Davisson et al. (1996) study showed a 
positive correlation between Caress and NadefiCit (Figure 1 in their article), with unit 
slope indicating a net cation exchange ratio o f  2 N a  to 1 C a, which was interpreted to 
reflect the albitization o f  plagioclase.
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Figure 6.12. Cl versus K. Seawater trend is depicted for comparison with the trend 
followed by the groundwater in the study area.
Samples o f  the study area in the Puebla Valley and adjacent zone ranged in 
chloride concentrations between 0.4 to 554 mg/L, but they did not show any sodium 
deficit; in this case, the correlation was negative (Figure 6.13).
According to the results obtained for Na-deficit calculations, and the observed 
trends when plotting chloride versus sodium, it may be concluded that, the observed 
Na-excess may be related to evaporite dissolution in the confined aquifer; and 
dissolution o f  Na-rich igneous minerals (plagioclase) in the upper aquifer (as discussed 
in Section 6.3.2).
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Figure 6.13. Ca Excess, Na deficit
Boron and lithium are trace elements commonly associated with thermal waters 
(Werner et al. 1997). The mineral tourmaline, formed in igneous rocks, contains boron 
(Faust and Aly, 1981). However, boron is an important trace element in seawater and is 
relatively abundant in some evaporites, e.g. as colemanite (Ca2B60n-5H20) and kemite 
(Na2B40 r 4H20 ).
The confined aquifer has average boron and lithium concentrations o f  2.7 and 
2.9 ppm, respectively. These relatively high concentrations are followed by those in the 
Cholula-Atlixcayotl group (1.3 and 1.3, respectively). An interesting observation is that 
the B/Li ratio (based on average concentrations) is near 1 in most cases (Figure 6.14).
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Figure 6.14. B versus Li
The sample with the highest boron concentration is BIXC with 17.65 ppm. The 
site is a public bath; thus, even though precautions were taken during sampling, this 
extremely high value could have come from contamination by soap. However, notice 
that this sample also has relatively high Sr, Li and Sith concentrations besides having 
the highest concentrations for alkalinity and Na. Groundwater from the upper 
unconfined aquifer, represented in the PV by the NSPW, has the lowest boron and 
lithium concentrations (0.1 and 0.2 ppm, respectively), but the concentrations in the 
Cholula-Atlixcayotl subgroup differ distinctively from the rest o f  the NSPW members, 
measuring 1.3 and 1.3 ppm, respectively (Table 6.5 and Figure 6.14).
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Table 6.5
Average Chemical Characteristics o f  Different Hydrostratigraphic Units and the 
Cholula-Atlixcayotl Subgroup. (Number in parenthesis is the number o f  samples 
considered for the average value.)
AQUIFER UNIT (Na + K)/CI Cl/Br B Li S04
mg/L mg/L mg/L
Unconfined 9.3 (30) 253.4 (8j 0.45 i7j 0.25 (12) 46.1 i. 29,
Cholula-Atlixcayotl subgroup 5.6 (22) 307.9 (12) 1 .3 (1 2 ) 74.7 (22)
6.3.2. Distinctive Geochemical Characteristics o f  the 
Unconfined Aquifer System
For the purpose o f  this study, samples associated with the unconfined aquifer are 
identified as non-sulfide pumping wells (NSPW). Ninety percent o f  these samples are 
located in PV. Most o f  the NSPW samples in the study area are within the Ca-Mg-Na- 
HCO3 family o f  water.
Samples in this upper aquifer have lower Cl/Na and Cl/K ratios (0.2 and 2.23, 
respectively) than the confined aquifer, with average ratios o f  0.42 and 6.14, 
respectively. The lower Cl/Na and Cl/K ratios observed in the upper aquifer are 
attributed to a higher contribution o f  Na and K. The relative increase o f  Na and K in the 
upper aquifer is attributed to dissolution o f  igneous minerals.
A  (Na+ + K+)/Cl' ratio was used to visualize the sites influenced by a larger 
contribution o f  sodium and potassium. Chloride concentrations (in meq) were used to 
normalize the sodium and potassium concentrations (in meq) for two reasons: 1) 
chloride is considered a conservative ion; and 2) it is considered an anion that could 
chemically balance the indicated cations.
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The (Na+ + K+) / Cl" ratio in the upper aquifer samples is higher than in samples 
from the confined aquifer (Figure 6.5). Accordingly, the decrease o f  both, Cl"/Na+ and 
Cl"/K+ ratios, in the upper aquifer, is attributed to a relative increase o f  Na+ and K+ in 
the system. Rain water, an immediate (although dilute) source o f  ions for the upper 
aquifer is not expected to have lower Cl" than Na+ or K+. The sample with the highest 
(Na+ + K+) /  Cl" ratio is C ALP AN, a pumping well in a town with the same name, 
located mainly within volcanic deposits, near Mt. Iztaccihuatl.
To better understand the presence o f  sodium and potassium ions in the aquifer 
system, it is helpful to review igneous mineralogy in the area. According to the IUGS 
volcanic classification system (Le Bas et al. 1986: cited in Siebert et al. 2003), sodium 
and potassium are alkali elements commonly used to characterize igneous rocks, as total 
alkalis (Na20 + K2O in wt %) (Siebert et al. 2003; Schaaf et al,. 2005). Volcanism in 
Mexico is associated with three distinctive tectonic settings: Mexican Volcanic Belt 
(MVB), Northern Mexican Extensional Province (NMEP), and Pacific Islands (Siebert 
et al. 2005). Most o f  the Quaternary volcanoes in Mexico are related to three different 
magma series: calc-alkaline, Intra-plate alkaline and lamprophyre (Siebert et al. 2003). 
The calc-alkaline magma series is dominant in the Mexican Volcanic Belt (Figure 6.15) 
(Siebert et al. 2003). These rocks are characterized by relative enrichments in Ba-K-Sr 
(Siebert et al. 2003).
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Figure 6.15. Calc-alkalides magma series
Schaaf et al. (2005) provided a comprehensive petrological/geochemical study 
o f  rock samples collected from the modem Popocatepetl cone and surrounding 
monogenetic volcanoes. Their study contributes to the understanding o f  magma 
generation in this part o f  the TMVB. They used the total alkalis vs silica to characterize 
the chemical composition o f  their samples (Figure 6.16). This diagram is a guide to the 
relative abundance o f  cations available for release by weathering in igneous rocks o f  the 
study area; therefore, the abundance o f  Na+ and K+ observed in the groundwater from 
the upper unconfined aquifer can be explained by the incongruent dissolution o f igneous 
minerals expected to be present in the study area.
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by Selwaf et al. 2005
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Figure 6.16. Alkalis vs Silica
6.3.3. Cholula-Atlixcayotl subgroup
The most interesting set o f  samples among the NSPW group is the subgroup
denominated Cholula-Atlixcayotl, a battery o f  8 wells, located within an area o f  
approximately 10 km2 in the PV. They have a distinctive geochemistry characterized by 
high CO2, high HCCV, and relatively high concentrations o f  Na+ and K+ (Table 6.1, and
Figures 6.2, 6.3, 6.5). This subgroup is part o f  the Ca-Mg-Na-HC0 3  family. Their ion
concentrations and trends, particularly with respect to Cl, Br, Li, B, (Figures 6.10a and
b, 6.14), are intermediate in composition between the composition o f  the upper aquifer
and that o f  the confined aquifer (Table 6.5).
The Cholula-Atlixcayotl samples also have an average temperature at least 5 °C
higher than the rest o f  the samples in the unconfined aquifer. Furthermore, as observed
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in Figure 6.17 they, along with BIXTC, also have the highest SiC>2 content. These and
• • • 1 ^  • •
other distinctive characteristics, discussed below, as well as 5 C and helium ratios m
section 6.4.3 and 6.4.4, were used to infer that water o f  the Cholula-Atlixcayotl 
subgroup may be in contact, through a fault zone, with ions and/or volatiles migrating to 
the unconfined aquifer from a deep source.
As mentioned above, the high alkalinity and the presence o f  gas in the water o f  
the Cholula-Atlixcayotl subgroup is a distinctive characteristic o f  these sites. At the 
beginning o f  this study the type o f  gas observed in the Cholula-Atlixcayotl subgroup 
and in the SRSPRG and SRARTW was unknown. Anthropogenic contamination, e.g. 
landfill leaching into the aquifer, was considered a possibility. In this case, the gas 
would have had an organic source (e. g. methane/CCh), and would presumably have 
been associated with additional substances such as NO3' that commonly accompany the 
production and decomposition o f  organic compounds and can thus be used as tracers to 
infer anthropogenic contamination (Chapelle, 2001). In the study area, alkalinity 
increases directly with CO2 pressure (fugacity), as is observed in Figure 6.3. The 
relationship between NO3" and alkalinity is shown in Figure 6.18; samples with the 
highest alkalinity have the lowest NO3" concentration, indicating no correlation (or a 
negative correlation) between the gas observed and presumed anthropogenic 
contamination. However, there are a few sites in the upper aquifer with relatively high 
nitrate concentration (CNC, PRTOP, RLAGUN and BAGCL) (see Figure 6.18). These 
all also belong to the Non-Sulfide Pumping Wells (NSPW) group, and their relatively 
high nitrate concentration may be related to contamination by fertilizers. PRTOP and
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Figure 6.18. N 0 3  vs Alkalinity
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RLAGUN are production wells for irrigation. CNC is a pumping well located in the lot 
o f  a greenhouse. The depth o f  the well is unknown, but it is possible that dissolved 
fertilizers used for the greenhouse are infiltrating the aquifer. BAGCL is a well drilled 
beside the Atoyac River, which is heavily contaminated with domestic and industrial 
wastewater. Further investigation about the origin o f  nitrate for these wells is 
recommended.
Another distinctive characteristic o f the Cholula-Atlixcayotl subgroup is that 
these waters have relatively high Ca2+ and Mg2+ concentrations, exceeded only by those 
in the confined units; this can be seen in Figure 6.8 in which two lines are drawn to 
illustrate that the lower trend is marked by the NSPW, whereas the upper trend is 
mostly delineated by the confined water samples. The molar ratios o f  Ca/Mg in the 
Cholula-Atlixcayotl subgroup, particularly the A TLX 3,4, 6, and the RCH5, have an 
average value o f  1.3, which falls between the rest o f  the group (mostly samples in the 
upper aquifer with average value o f  0.7) and the confined aquifer (2.29) in the PV. The 
lower Ca/Mg ratio in the upper aquifer compared to the confined aquifer is attributed to 
a relatively higher concentration in Mg than in the confined aquifer. There are three 
sites in the upper aquifer, within the Ca-Na-M g-HC03-S04 water family, that have a 
Ca/Mg ratio equivalent to the confined aquifer in PV (2.3): ACNTE6, MORT4, RCHB. 
Most o f  the samples in the upper aquifer, in the P V, are represented by two families o f  
water: Mg-Na-Ca-HC03 andNa-M g-HC03.
The molar ratio o f  Mg to Ca is greater in the upper aquifer than in the confined 
aquifer in most cases o f  the study area. The Mg/(Ca + Mg) ratio helps to show the
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contribution o f  calcium in the different hydrostratigraphic units (Figure 6.19). Calcium 
contributes to a lesser degree in the upper aquifer than in the confined one. The reason 
for this behavior does not seem to be related to calcite precipitation, since most o f  the 
samples in the upper aquifer, except for the Cholula-Atlixcayotl subgroup and a few 
other wells drilled in the upper aquifer (ACUX8, 10, ACNTE6, MORT4), are 
undersaturated with respect to calcite (Figure 6.19); I interpreted the greater Mg/Ca 
ratio observed in the upper aquifer to be associated with a relative increase o f  Mg, 
probably due to additional mineral sources containing this element. Probable sources 
are igneous minerals, e.g. pyroxene, and amphibole.
The Cholula-Atlixcayotl subgroup has higher strontium concentrations than the 
rest o f  the group; also, it shows a better linear correlation between sulfate and strontium 
(Figure 6.9 and Table 6.3).
6.3.4. Distinctive geochemical characteristics o f  the high 
flow and intermittent springs
An interesting correlation exists between the SiC>2 content and water temperature 
(Figure 6.17) among the different groups. Most samples within the NSHFSPRG and 
NSINTSTRM groups are characterized by low temperature and low SiC>2 content. This 
relation is expected because some o f  the streams involved are intermittent and are 
directly associated with rain precipitation or ice melting; therefore it is reasonable that 
their water has too short a residence time to exchange significantly with any mineral 
phase. However, there are two exceptions, OCARB and AXOC, which have relatively 
high SiC>2 as well as the highest temperatures in the group.

































Figure 6.19. SI Calcite VS Mg/(Ca + Mg)
AXOC is a spring with high discharge on the east flank o f Mt Popocatepetl; its 
relatively high temperature could be associated with either, 1) traveling deeply enough 
below the surface to be heated as expected from the geothermal gradient, or 2) traveling 
down through a thick, fractured lava flow that may still be cooling. OCARB, located in 
the southern part o f  the study area, is farthest from the cone o f  Popocatepetl Volcano; it 
has a relatively high estimated average recharge elevation (3866 masl) and probably 
traveled deeper in the ground, an interpretation supported by the relatively high 
temperature o f  its water (average temperature 22.6 °C).
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Notice (Table 5.1) that AXOC is 6 degrees warmer than XOU and/or XOUATL 
(same spring different outflows), both springs discharge on the same flank o f the 
volcano at more or less at the same distance from the cone. According to a calculated
1 Rrecharge elevation, based on 8 O (discussed below), water o f  AXOC comes from a 
slightly higher recharge area (4124 masl) than XOU (4016 masl). Water from XOU is 
maybe traveling down from its source at shallower depth than AXOC, and therefore, the 
geothermal gradient does not affect it in the same magnitude.
SPBJJ and ATLAUT (both within the NSINTSTRM group), have average 
temperatures o f  19 °C and 17 °C respectively, similar to the temperature o f  AXOC 
(average 19.4 °C). The estimated recharge elevation o f  AXOC (4124 m), based on 
oxygen isotopic data explained in section 6.4.1, is the same within the estimated error as 
elevation o f  SPBJJ and ATLAUT (4065 and 4229 m, respectively). In this case, their 
relatively high temperature does not have hydrogeologic significance because the water 
travels from springs high on the flank o f  Mt. Popocatepetl down to village cisterns in 
black plastic tubes heated by the sun.
The rest o f  the NSINTSTRM samples, with a temperature range o f  6.4 to 11.9 
(Table 5.1), are at least 5 degrees colder than SPBJJ and ATLAUT. The significantly 
lower temperature o f  the rest o f  the NSINTSTRM samples (NEXP, CADENA, 
CIXTAC, and CRAMAX) is attributed to the fact that these samples were collected 
closer to their expected recharge area; therefore, they were less exposed to the sun’s 
rays.
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Within the NSPW, the NSPW L0W C02AIM  sub-group, comprised o f  samples 
located to the south o f  Mt Popocatepetl, the water is warmer than the water collected on 
the south-eastern flank o f  the volcano, in PV.
The relatively low SiC>2 content o f  water o f  the confined aquifer (SRSPRG and 
SRARTW), with most o f  the samples falling within the Ca-M g-S04-HC03 family, 
suggest that the water is in contact with silica-poor geologic deposits.
Within the group o f sulfide-rich water samples, the SRARTW subgroup has 4 
samples (PEXPL, TEP, CPLAZA, and BPBRAV) whose their relatively low  
temperature (Tables 5.1, 5.2, 5.3) can be explained by considering mixing o f  waters 
from the confined aquifer with water from the upper aquifer.
6.3.5. Saturation Indices (SI)
Gypsum is a mineral o f  interest in this study because it is proposed to be one o f  
the sources for sulfates, particularly for the samples having relatively high 
concentrations o f  this ion (Table 6.1). These water samples are mainly observed in the 
confined aquifer o f  the PV region, where the predominant family o f  water is Ca-Mg- 
S04-H C 03, and in the AIM region, where dominant families o f  water among the 
sampled sites are Ca-M g-S04 and Ca-Na-S04-Cl. The calculated saturation indices for 
gypsum indicate near-saturation for all the samples having the highest sulfate 
concentration. These are predominantly from the confined aquifer (section 6.3.1 Table 
6.2 and Figure 6.20).















*  Cholula Atlixcayotl
Figure 6.20. SI Calcite SI vs Gypsum
I hypothesize that sulfate ions o f  the confined aquifer system beneath the City o f  
Puebla and in the surrounding area comes from Cretaceous evaporites, exposed in the 
southern part o f  the study area, that, by extrapolation, are present in the subsurface in 
this locality. Lines o f  evidence for that statement are: 1) Outcrops o f  Cretaceous 
evaporites, in which gypsum is one o f  the main constituents. These evaporites are 
described in the southern part o f  the study area (Chapter 3, geology section), and are 
projected to extend beneath Tertiary volcanic deposits in the PV and, therefore, to be in 
contact with the confined aquifer; 2) The 834S results from sulfates measured in the 
collected water samples. These values are very similar to those o f  Middle Cretaceous 
evaporites (section 6.4.2); 3) The Cl'/Br' ratios in the sampled waters suggest evaporitic
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signature (section 6.3.1); 4) High sulfate concentration with values ranging from 440 to
9 9 +1036 mg/L (Figure 6.4); 5) Very good correlation between SO4 " and Ca (Figure 
6.21); 6) Linear relationship between SO42' and Sr2"1" (Figure 6.9); 7) Higher chloride 
than in the unconfined aquifer, except for the ATLX4 (Figure 6.11); and 8) SI closer to 
saturation with respect to gypsum than other samples o f  the area (Figure 6.20).
Calcite and dolomite are also important minerals in the study area because it is 
proposed that water from the confined aquifer unit in the PV and AIM is in contact with 
Middle-Cretaceous limestone and dolomite. This is supported by 1) Limestone deposits 
observed in the southern part o f the study area, which are projected to continue in the subsurface 
beneath the central part o f the study area (Chapter 3); and 2) Relatively high concentrations o f  
Ca2+, HCO3", and Mg2+ for the confined aquifer (Table 6 .1 and Figure 6 .8).
SI with respect to calcite calculated in most o f  the samples from the confined 
aquifer (SRARTW and SRSPRG) indicate oversaturation (Table 6.2, Figure 6.7); 
However, similar values are observed in most samples from the Cholula-Atlixcayotl 
subgroup, which is part o f  the Ca-Mg-Na-HCC>3 family, and are non-sulfide pumping 
wells (NSPW), located within the upper aquifer unit o f  the PV.
There are other sites within the NSPW (non-sulfide pumping wells) type, in 
which oversaturation with respect to calcite is also observed; these are: a) RCHB, 
ACNTE6 and MORT4, which belong to the Ca-Mg-Na-HC0 3 -SC>4 family, and are 
located on the central part o f  the PV; b) ACUX8 and ACUX10, within the Mg-Na- 
HCO3 family, located in the east flank o f the Mt Popocatepetl, approximately, 18 km 
from the summit;
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Figure 6.22. SI-Gypsum vs SI Celestite
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c) The BIXTC site, which is a sulfide-rich spring, located in the west flank o f Mt. 
Malinche (Figure 5.1). SI values and location o f  the sites are shown in Table 6.2 and 
Figure 6.7.
The linear correlation between Sl-Calcite and SI-Dolomite (Figure 6.7) has a 
ratio o f  approximately 2:1, probably reflecting more sources for calcium than for 
magnesium (particularly for the confined aquifer). For example, calcite, gypsum and 
dolomite are contributors o f  calcium ions, but only dolomite is a major contributor o f  
magnesium ions. A  close-up o f  the samples near the points o f  saturation (Figure 6.7), 
illustrates that each family o f  water delineates a particular trend.
Figure 6.22, depicting SI-Gypsum versus Sl-Celestite, also shows a linear 
correlation. Samples from the confined aquifers are closer to saturation with respect to 
both minerals. The rest o f  the samples, distributed in the upper aquifer, are clearly 
undersaturated. These observations lead to the interpretation that the upper aquifer, 
particularly in the PV, is not in contact with these minerals. This is supported by the 
significantly lower concentration in sulfate and strontium measured for the upper 
aquifer, except for the Cholula-Atlixcayotl group, which shows intermediate 
concentrations (Tables 6.1 and 6.3 and Figure 6.9).
Although the plot o f  SI-Gypsum versus Sl-Calcite has a nearly random 
distribution (Figure 6.20), it is possible to distinguish samples from the confined 
aquifers (closer to saturation with respect to gypsum) from samples emanating from the 
upper aquifer (clearly undersaturated with respect to gypsum), including those o f  the 
Cholula-Atlixcayotl subgroup.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
161
6.4. Isotopic characteristics o f  the aquifer systems
The oxygen and deuterium isotopic composition o f atmospheric precipitation is 
influenced by a variety o f  factors that, in most cases, are expressed by linear 
coovariation o f  5180  and 8D, known as the Meteoric Water Line (Craig, 1961). This 
relation is relevant to the present study because in many cases groundwater retains the 
isotopic signature o f  the recharge precipitation, and this makes possible the 
identification o f its recharge elevation and something o f  its subsequent history, as is 
discussed below.
6.4.1. Oxygen and Hydrogen isotope ratios
Groundwater samples from a total o f  41 sites and 3 samples from precipitation 
(Table 6.6) were collected and analyzed for oxygen and hydrogen isotopes, producing a 
total o f  65 samples. Seven isotope analyses, reported by Werner et al. (1997), collected 
in 1995 from 5 sites (Oaxtepec, Agua Hedionda, Axocopan, Ixtlatlala and Ojo del 
Carbon) located in the southern part o f  the study area, are included here for comparison 
and discussion o f  the results. Axocopan, Ixtlatlala and Ojo del Carbon were also 
sampled for the present project. Therefore, 72 samples are included for discussion 
(Table 6.7).
• 18To discuss recharge elevation, the average values for 8 O and <5D was
calculated for sites that were sampled more than once, and the samples were arranged 
by groups according to their site type and geographic location (Tables 6.8a to 6.8d).
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Table 6.6 Sites analyzed for S180  and 8D
7 Cold springs and drainage galleries within the cone of Mt Popocatepetl




2  pumping wells
9 Sulfur-rich artesian springs and wells in Puebla Valley
13 Pumping wells in Puebla Valley
6 Cholula-Atlixcayotl subgroup (pumping wells in Puebla Valley)
41 sites sampled
The line representing the Regional Meteoric Water Line (RMWL) in Figures 
6.23 and 6.24 is plotted from the equation oD = 7.97 * 6180  + 11.03 determined by 
Cortes et al. (1997), who indicated that the equation is valid for the central part o f  
Mexico within the TMVB.
6.4.1.1. Meteoric Origin
The distribution o f  the o180  and 5D analyses, with most o f  the samples collected 
in the study area falls near and below the Regional Meteoric Water Line (RMWL), 
defined by Cortes et al. (1997) (Figures 6.23 and 6.24), supporting a meteoric origin for 
the groundwater in the study area. Thus, precipitation is indicated as the main recharge 
source for the aquifer system.
Because o f  the proximity o f  the study area to an active volcano, Mt 
Popocatepetl, it was o f  particular interest to evaluate whether an isotopic signature 
could help to distinguish between meteoric and volcanic processes affecting the 
groundwater.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
163
Table 6.7
1 8Total number o f  samples analyzed for 5 O and 5D. Samples with * were reported by
Wemer et al. 1997
SAMPLING
SITE NAME DATE o' BO v s MOW (%«1 SDtfSfcJIOW (%«)
1' AA 6/22/1998 -10.7 -77.6
2 AA 5/21/1999 -10.7 -77.0
3 ACUX10 6/24/1998 -10.3 -79.4
4 ACUX10 12/17/1998 -9.7 -71.8
5 ACUX8 6/24/1998 -10.1 -75.9
6 ACUX8 12/17/1998 -10.2 -72.0
7 Agua Hedionda* 6/26/1995 -10.2 -76.1
8 AMEC 1 5/23/2001 -9.8 -64.4
9 AMEC3 5/23/2001 -9.6 -61.1
10 ATLAUT 7/6/1998 -12.2 -89.2
11 ATLX3 1/6/2001 -9.5 -60.3
12 ATLX9 6/26/1998 -9.4 -71 8
13 AXOC 6/12/1997 -12.0 -89 8
14 AXOC 7/2/1998 -12.0 -87 2
15 AXOC 12/19/1998 -11.2 -87.8
16 Axocopan* 6/26/1995 -12.0 -84.5
17 BHOND1 6/26/1998 -10.1 -73.6
18 BH0ND4 6/26/1998 -10.0 -74.6
19 BIXTC 6/22/1998 -9.5 -73 2
20 BPBRAV 6/25/1998 -10 6 -76 2
21 CADENA 6/10/1997 -11.0 -74.5
22 C PLAZA 6/23/1998 -10.6 -7 2 6
23 CSMINA 3/11/1999 -9.7 -70.0
24 DRPOND 3/10/1999 -10.3 -78.2
25 IXTL2 6/16/1997 -10.0 -74.3
26 IXTL2 12/21/1998 -11.0 -81.2
27 Ixtlatlala A* 6/26/1995 -10.0 -78.3
28 Ixtlatlala B* 6/26/1995 -9.7 -74.3
29 La cadena 7/6/1998 -11.2 -80.2
30 LAGMEX 5/23/2001 -9.6 -66.4
31 MOMX5 6/24/1998 -9.9 -67 8
32 MORT4 6/18/1997 -9.9 -70.5
33 MORT4 6/26/1998 -9.8 -69.2
34 NEALT2 6/24/1998 -10.4 -79.6
35 NEALT5 6/18/1997 -10.5 -79.9
36 NEALT5 12/17/1998 -10.5 -86.8
37 NEXP 7/6/1998 -13.2 -94.4
38 Oaxtepec* 6/25/1995 -10.0 -75.5
39 S2 6/17/1997 -10.8 -75.6
40 S2 6/23/1998 -10.8 -78.3
(Continued on following page)




SITE NAME DATE B1bO v s m c w  C M  ;SDv s m o w  P M
41 ACNTE6 6/26/1998 -10.2 -71.4
42 ACNTE6P 6/26/1998 -10.3 -75.3
43 BRC 6/14/1997 -10.6 -76.8
44 BRC 6/23/1998 -10.6 -75.7
45 BRC 12/20/1998 -10.7 -85.2
46 BRC 5/20/1999 -10.9 -76.3
47 BRCpt 6/23/1998 -10.6 -72.7
48 OCARB 6/16/1997 -11.4 -82.8
49 Ojo del Carbon A* 6/26/1995 -11.4 -83.6
50 Ojo del Carbon B* 6/26/1995 -11.5 -84.2
51 PAMY4 3/10/1999 -10.2 -75.5
52 Rain 5/23/2001 4 .2 -12.8
53 Rain 10/1/2002 -7.8 -52.0
54 Rain 10/10/2002 -8.8 69 9
55 RCH1 6/24/1998 -9.9 •70 7
56 RCH5 6/24/1998 -9.8 ■68.9
57 RCH5 12/18/1998 -10.0 -65.7
58 RCHB 1/5/2001 -9.8 -68.3
59 SISAB 6/22/1998 -9.9 -77.5
60 SISAT 6/22/1998 -10.2 -78.4
61 SNC 6/16/1997 -10.5 -83.3
62 SNC 12/21/1998 -10.3 -87.0
63 SPBJJ 6/12/1997 -11.7 -83.2
64 SPBJJ 12/19/1998 -12.0 -84.6
65 SPBJP 5/19/2001 -11.7 -78,4
66 TENOAC 3/11/1999 -10.8 -76.7
67 TEP 6/25/1998 -10.5 -7 2 7
68 v w 6/19/1997 -10.8 -77.5
69 xou 6/19/1997 -11.7 -87.3
70 xou 7/2/1998 -11.6 -79.3
71 XOUATL 1/5/2001 -11.9 -84.2
72 XOXTL1 6/26/1998 -10.2 -73.2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 6.8a
518Q and SD results organized in groups. This table contains: NSHFSPRG and
NSINTSTRM in the PV.
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Table 6.8b
5180  and 5D results organized in groups. This table contains: SRSPRG and SRARTW 
in the PV.
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Table 6.8c
81S0  and 5D results organized in groups. This table contains: NSPW in PV, including 
Cholula-Atlixcayotl subgroup.
o f^  Go go co co rr v- co cnp  i - 1 a  r i  r 1 o> 07 o  O ) T tCM CN CN <N <N ’I— CM CM CN CM
O O c?7
tn CO CO pv. CM '^ t O^ CO
S ' 5  <§ 3  ^  8  o  3  a? Si  ----------------
C'b : CO
a 0VOO _ _ t***CO CO CN O) rco  co  co  cm co
tn ta o  (b t^; 
; cm ob co od o  c6oo c3 cn «5 *<J) ; «J> r- r- r- OCM CM CO CO CO CO
CO <£> GO r-»
p #  (N f  
?N  O  (O  r *  
^  m  r -  COco CM cn
.<£• t£3 
CO o f  CO0  0  r-~
c o  -rf -rt CM CM i n
c o  c o ; c o  r o  m  N
c o  r-— r-~ r-— r-— r^.
H : K J  O D ; K  CO CO
b--
CO CO 
c n  e r r
- r f  IJO CM CM CM |.r j  
. O  CD O  ; O  CD
kn -rf i m  cr>





r  T- CO CO r- . ai g o o c d  G) o  Ok ©JO O CJ) CD O
<2 CQ CM CM t-  t-  CN
oi d5 <o o5) <23 <25 cn
u) U3 U3 <G kn




GO GO GO COmm G) cn km m m m
i §
m cm csICM CN CM 
cO u£r i <25
_  CO CO GOIT m  m  m  ,o ? 5 5  2* o  r\i C C ^ C




>£ s ax  o  o  D iu iu S  5












s UJ■2LUJ2 o  OO < oX CD CO
1: a 
^JS
-§ « ™ 3  









Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
168
Table 6.8d
S180  and 8D results organized in groups. This table contains all the samples analyzed 
from the AIM region. Samples with * were collected from Werner et al. 1997.
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81S0  - gD in Puebla Valley and Atlixco I. de Matamoros
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The samples o f  most concern with respect to their water source (origin) are 
those from the confined aquifer o f  the SRARTW and SRSPRG types in Puebla and in 
AIM. Values o f  <3180  and SD from the sulfur-rich group in Puebla do not support a 
hydrothermal history; they plot in a cluster near the RMWL, consistent with a meteoric 
origin unmodified by significant hydrothermal activity. Their isotopic values range 
from -10.9 to -10.5 and from -78.3 to -72.6 for 5180  and <5D, respectively. All the sulfur- 
rich samples from the confined aquifer in PV plot closest to each other (except for one 
o f  the BRC samples, collected on 12/20/98) and to the RMWL than any other group o f  
samples (Figure 6.23); this is interpreted as evidence o f  their common source o f  water, 
namely meteoric water.
The pumping wells o f  the unconfined aquifer in the Puebla Valley are the most 
scattered in the plot; most o f  them fall to the right o f  the RMWL, and they are more 
dispersed than water samples from the confined aquifer system in the PV. These 
pumping wells are the major suppliers o f  water for Puebla City. Their isotopic values 
range from -9.5 to -10.5 and from -61.1 to -86.8 for <5180  and <5D, respectively. The 
meteoric origin o f  this group is confirmed by their hydrogeologic characteristics and is 
supported by their distribution along the RMWL. The lowest value measured for <5D, 
among the pumping wells, is from the Nealtican 5 (12/17/97) sample. In fact, two 
Nealtican 5 samples were collected; the other one was sampled on 6/18/1997, and it had 
the next to lowest 6D (-79.9); however, the o180  values are similar in both samples 
(summer and winter), therefore, the -86.8 per mil value is suspected o f  having a 
relatively large analytical error.
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The scattered nature o f  some o f  the samples from the upper aquifer in PV in 
Figures 6.23 and 6.24 is attributed to a combination of: a) evaporation effects, b) effects 
resulting from water management in an overexploited aquifer system, and c) (perhaps) 
analytical error. For further discussion about the possible effects caused by water 
management in an overexploited aquifer system, more samples and information for well 
construction (depth o f  the well, elevation, depth to water table, etc.) would be required. 
The light isotopic signature for NEALT5, 2, and ACUX10 (samples located at the 
northeast flank o f  Mt. Popocatepetl) may indicate contribution from ice melting from 
the glacier o f  the volcano.
There is a battery o f  eight pumping wells drilled in the unconfined aquifer in the 
PV, enclosing an area o f  approximately 10 Km , forming what is called here the 
Cholula-Atlixcayotl subgroup. Their distinctive chemistry is discussed in section
6.3.2.1. Four out o f  seven samples fall close to each other and near the RMWL. The 
exceptions are ATLX3 (1/6/2001), ATXL9 (6/26/1998) and one o f  the RCH5 
(12/18/1998). The isotopic distribution o f  the subgroup is within the range observed for 
the rest o f  the pumping wells in Puebla Valley (from -10.5 to -9.5 and -86.8 to -61.1 for 
<5180  and <5D, respectively).
The southern group (AIM), composed mainly o f  springs (cold, hot and sulfur- 
rich) and two pumping wells, plots below the RMWL, with an almost parallel trend 
line. This trend probably indicates different conditions o f  precipitation. This area is 
more humid and warmer than the PV area (Chapter 2). An attempt to calculate an 
equation that represents the linear correlation o f  the samples in AIM produced the
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following equation: <5D = 5.69 * 5180  -  19.1, but it has a poor correlation factor (RSQ = 
0.53), probably due to the relatively low number o f  samples, only 15, that determined 
this equation, and many o f  these are probably subject to evaporation because they are 
springs. Therefore, this equation is not representative o f  the meteoric line for the 
southern region. A  larger number o f sites and samples representing a wider seasonal 
variation and a greater range in elevation is needed in order to define the local meteoric 
line for the AIM region. Nonetheless, the distribution o f  the data with respect to the 
RMWL supports a meteoric origin for these samples.
It is probable that a closer approximation to the local meteoric water line o f  the 
southern group would result by eliminating four samples whose provenance is 
questionable. Two samples from the southern group come from a sulfur-rich spring; 
these samples fall o ff the almost linear trend o f  the group (Figure 6.23). Also, two 
samples reported by Werner et al. (1997), from the Ixtlatlala hot spring site, plot in the 
outermost part o f  the trend. By removing these four samples (sulfur-rich and Ixtlatlala) 
the group could be represented by oD = 6.72 * <5180  -  6.79.
The average values o f  the cold springs surrounding Mt. Popocatepetl plot near 
the RMWL with a square o f  the Pearson product (RSQ) = 0.82 (Figure 6.24). La 
Cadena is a cold drainage gallery.
6.4.1.2. Seasonal Changes
Nine sites were sampled in December and late spring or summer months (May, 
June or July) (Table 6.7 and Figure 6.25) to observe seasonal changes. Note that these
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
samples are o f  groundwater, and groundwater values are expected to integrate isotopic 
variations due to seasonal changes (Gonfiantini 2001); thus, if  seasonal changes are 
real, they must arise from very rapid recharge or from evaporation effects at the site o f  
collection. Samples from six sites (SNC, NEALT5, BRC, SPBJJ, AXOC, and IXTL2) 
have more depleted values for deuterium during December than during the late spring 
or summer sampling. In three o f  those sites (SNC, NEALT5, and BRC) there is no 
correspondence in the isotopic variation between the oxygen and deuterium, that is, 
either oD is lower in the December sample, but 0 18O does not change between the 
seasons or the change is insignificant between the December and late spring or summer 
samples.
Discrepancy in the oxygen and deuterium co-relation raises the possibility o f  analytical 
error. Similar behavior is observed in the case o f  AXOC (12/19/98) but for oxygen 
instead o f  deuterium. In the other two sites (SPBJJ and IXTL2) the trend would suggest 
an evaporation line because both oxygen and hydrogen isotopes change along a line 
trending away from the RMWL with a slope less than 8 (Figure 6.25). Evaporation is a 
likely explanation because both sites are open to the atmosphere and subject to high 
temperatures during the summer in a semi-arid region o f low humidity. SPBJ is a 
drainage gallery, and IXTL2 is the hottest spring (53°C) in the study area. In ACUX 8 
and RCH5 the December sample is less depleted than its counterpart in the summer. 
Analytical error is also a possible explanation for these variations because there is no 
correspondence o f  hydrogen isotope variation with variation in the oxygen value. 
However, lower values for <5180  and <5D for the summer months are reported in other
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Figure 6.25. Oxygen and deuterium data for samples collected in different seasons. 
Samples indicated with D are samples collected in December.
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semi-arid regions (Gonfiantini 2001). In their study, the lower values are attributed to 
recharge from summer rainy months rather than for winter months. Heavy rains will 
have lower 5D and S180  with respect to average annual rain (Amount effect). For 
samples in the Puebla project, in order to interpret the lower summer values as values 
reflecting an “amount effect,” it would be necessary to assume a relatively fast recharge 
and extraction; this situation would not allow equilibration with the groundwater 
signature.
6.4.1.3. Possible factors that can cause samples to plot to the right o f  
the meteoric line
There are three possible factors that could have caused samples to plot to the 
right o f  the RMWL: a) Evaporation before infiltration due to semi-arid conditions in the 
area (Fritz et al. 1978). Evaporation w ill cause kinetic isotope fractionation during 
recharge, mainly observed as a deuterium excess (Rose and Davisson, 2000); b) 
Recharge from a more depleted source. Glacial melt recharge is possible, especially on 
the east flank o f Mt. Popocatepetl; and c) 180-exchange between rock and water at 
elevated temperatures (Fritz et al. 1978; Gonfiantini et al. 1998). Water-rock interaction 
is also suggested by Werner et al. (1997) for the Agua Hedionda, Oaxtepec and 
Ixtlatlala samples collected for their study. However, this factor is considered unlikely 
because the temperature o f  the samples is relatively low (25.9 and 25.8 °C for Oaxtepec 
and Agua Hedionda, respectively). Moreover, water from PAMY4 falls right beside 
Oaxtepec and Agua Hedionda, and its temperature is also 25.3 °C.
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6.4.1.4. Recharge Elevation
The Sierra Nevada and Mt. Malinche have already been identified as recharge 
zones (SOAPAP 1998), inferred from water table elevation (Figure 6.26). Results based 
on <5180  and <5D, reported here, support previous findings but also provide a specific 
elevation for the recharge zone o f  four distinctive geochemical groups (Figure 6.27, 
Table 6.8 a-d). Knowing the elevation o f  recharge can be particularly useful because 
authorities can take actions to protect the area. The relation between isotopic 
composition o f  precipitation and recharge elevation is discussed below.
Cortes and Durazo (2001) demonstrated that the process o f  precipitation in 
central Mexico, within the TMVB, is caused by adiabatic cooling (responding to a 
Rayleigh fractionation), described by Dansgaard (1964). Cortes and Durazo (2001) 
suggested that the dominant effects in the fractionation o f oxygen and deuterium 
isotopes in the rainfall o f  central Mexico (their study area) are surface temperature 
variation and altitude (topography) rather than continental or amount effects. The 
following equation reflects their estimate o f  the relation between elevation and the 
isotopic signature o f  the precipitation: o,80  (X, Y) = -2.13 Z (X, Y) -  3.2; restricted for 
4.72 >Z >0.8 Km asl (Cortes and Durazo, 2001).
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Figure 6.26.Water table elevations in PV
One direct application o f the equation described by Cortes and Durazo (2001) is 
to evaluate the recharge elevation for the ground water in the study area (Puebla Valley 
and the adjacent southern valley). Four distinct recharge elevations were identified 
associated with distinct geochemical groups within the Puebla Valley and Atlixco- 
Izucar de Matamoros aquifer systems (Figure 6.27): 1) relatively cold non-sulfide high- 
flow springs, within the NSHFSPRG and NSINTSTRM groups, which have an average 
elevation recharge o f  4100 m (Table 6.8a). NEXP is the highest spring (3890 m) 
sampled for this study its isotopic value (<5lsO = -13.2) suggests a recharge elevation o f  
4680 m. Cortes and Durazo (2001) reported a value o f  <5180  = -13.9 %o for an 
approximate elevation o f  4720 m (which they indicated would correspond to the
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Figure 6.27.Recharge elevation contour lines. The white line indicates the 4100m  
elevation recharge for NSHFSPRG and NSINTSTRM. The last two contour lines are 
representing the 3500 m (light blue) and 3200 m (dark blue) recharge elevation for 
SRSPRG and SRARTW, and Cholula-Atlixcayotl group, both in PV.
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elevation o f the Mt. Popocatepetl glacier); 2) the sulfide-rich springs and artesian wells 
(SRSPRG and SRARTW, respectively) in the Puebla Valley, which have an estimated 
average recharge elevation o f  3500 m (Table 6.8b). These sites are located 
approximately at 2200 masl; 3) the regular pumping wells in the Puebla Valley, 
including the Cholula-Atlixcayotl subgroup (NSPW) (Table 6.8c), which have an 
average recharge elevation o f 3200 m; and 4) samples collected in the southern part o f  
the study area, in the Atlixco-I. de Matamoros region (AIM). These samples have an 
average recharge elevation o f 3500 m (Table 6.8d).
Figure 6.28 illustrates how the groups in PV (1 ,2  and 3 above), have distinctive 
recharge elevation associated with their hydrostratigraphic unit (upper aquifer recharge 
at lower elevations than confined aquifer). Most o f  the NSHFSPRG and NSINTSTRM  
recharge and discharge at higher elevation than the rest o f  the samples. The water in 
these sites is probably flowing through preferential paths (fractured lavas or high 
porosity media). Their low ionic concentration (Table 6.1), S i0 2 content (Figure 6.17), 
and atmospheric 3He/4He ratios for XOU (discussed in section 6.4.4.2) indicate their 
short residence time underground and atmospheric equilibrium (in the case o f  helium 
ratios).
6.4.2. Sulfur isotopes and sulfur-reducing bacteria in the system
A  total o f  16 samples were analyzed for sulfur isotopes (Table 6.9). <534S in 
sulfides was determined in 12 samples, and 534S in sulfate was measured in 11 samples. 
There are 7 pairs o f  samples with o34S measurements o f  both (Table 6.9).
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Figure 6.28.Linear correlation between recharge elevation and 8lsO for different 
hydrostratigraphic units.
All samples collected from the confined aquifer in the PV (SRSPRG and SRARTW) 
contain sulfide concentrations ranging from 1.44 (SNC) to 10.28 ppm (S2) (Table 6.9). 
<534S measurements were performed for sulfates and sulfides in selected samples within 
the groups (SRSPRG and SRARTW) (Table 6.9). Also, selected samples from the 
upper aquifer, NSPW (ATLX4 and RCH5), were analyzed for sulfur isotopes. In the 
case o f  ATLX4, it was possible to determine the isotopic ratio for both species: sulfates 
and sulfides. Two NSHFSPRG (OCARB and AXOC) were also selected for sulfur 
isotope analysis. Only OCARB had enough sulfide to precipitate (but not enough to 
determine its concentration by Ion Selective Electrode). Both OCARB and ATLX4 
have very similar isotopic fractionation between sulfide and sulfate (Table 6.9),
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representing the minimum fractionation (1.8 -2.0 %o, respectively) observed in the 
measured samples. ATLX 4 tested positive for sulfur-reducing bacteria (SRB).
The maximum fractionation between sulfide and sulfates is 35.6 %o for SNC. 
Experimental data o f  pure cultures o f  sulfate-reducing bacteria has shown ranges in 
sulfur isotope fractionation from 2 %o to 47 %o (Canfield 2001a; Bruchert 2004).
Two important conclusions are based on sulfur isotopes: 1) the o34S in sulfates 
points to derivation o f  sulfate from Middle Cretaceous evaporites; 2) SRB are at least 
partially responsible for the presence o f  sulfide in the system (evidence is presented 
below).
6.4.2.1. Possible sources o f  sulfur in the confined Puebla aquifer system
The sulfur dissolved in the water reservoir o f  the study area may be associated 
with one or more o f  three considered sources: a) magmatic sulfur compounds, b) early 
to middle Cretaceous evaporites, and c) atmospheric sulfur.
A  magmatic source is, in fact, the most obvious. The study area is surrounded by 
three stratovolcanoes: Mt. Iztaccihuatl, Mt. Malinche, and Mt. Popocatepetl. The latter 
volcano, with more than 20,000 years o f  activity (Siebe et al. 1995), began a new cycle 
in 1994 after a period o f  quiescence since 1927 (Section 2.3.2.). Faults reported in the 
area (Chapter 3) could be passages for gases diffusing from the mantle or the deep crust, 
as suggested by carbon and helium isotopes (next sections). Mt. Popocatepetl is a 
volcano with large SO2 emissions. G off et al. (1998) reported 3.9 Mt SO2 emitted from




SITE NAME SITE TYPE FAMILIES SMS S. CDT SMS *. CDT Salfide coac.
OF WATER from saifides from saifates mg/L
(average if applicable) n (average if ap|4icable) a (average if applicable)
1 SNC SRSPRG CaM g S04 -19.4 1 162! 3 1.44
2 CPLAZA SRARTW Ca-Mg-HC03-S04 -12.0 3 NM 6.54
3 S2 SRARTW’ Ca-Mg-HC03-S04 -9.8 12 16.8 3 10.24
4 v w SRARTW’ C aM gH C 03S04 -7  JS 2 NM 8.72
5 BRC SRSPRG Ca-Mg-S04-HC03 -7.1 3 16.3 4 7.23
6 SI SRARTW’ C aM gH C 03S04 -6.6 4 NM 8.72
7 AA SRSPRG Ca-Mg-HC03-S04 -62 2 16.4 2 6.67
8 METAL SRARTW’ Ca-Mg-HC03-S04 -5.3 2 NM 4.76
» ATLX4 NSPW' Ca-Mg-Na-HC03 13.8 1 15.6 2 NM
10 S3 SRARTW - •8.8 2 172! 3 NM
11 OCARB NSHFSPRG Ca-Mg-S04 13.6 1 15.6 5 ND
12 IXTL2 NSHOTSPRG Ca-Na-S04-a 4i.9 1 NM ND
13 AXOC NSHFSPRG Mg-Na-Ca-HC03 ND 8.7 2 ND
14 ATNC NSARTW' Ca-Mg-S04-HC03 ND 15J 2 ND
15 PFXPL SRARTW - ND 13.4 3 NM
16 RCH5 NSPW' Ca-Na-Mg-HC03 ND 17.9 2 ND
a*= Number ef saaqdes aaalyzed
Net Measured av e ra g e  values  (%o) -5.2 15.4 6.79
JO  Not Detected
Mt. Popocatepetl for a period o f  2 years (1994-1996). The largest emissions were 
observed in 1996, before a major period o f activity o f  the volcano, with an average 
emission o f  15,000 t/day.
Volatile emissions o f  SO2 and CO2 from Mt. Popocatepetl were collected and 
analyzed during the period o f  1993 to 1996 (G off et al., 1998). The 534S-Stotai values 
ranged from 1.5 to 6.4 %o. The higher value was attributed to a small contribution from 
either hydrothermal sulfate or underlying Cretaceous evaporitic rocks (Werner et al., 
1997).
Relatively high <534S (+ 0.1 to +20 %o) are observed in subduction-related 
volcanic rocks around the world (Luhr and Logan, 2002 and several other references 
cited in their paper) compared to Middle-Ocean Ridge Basalts (0.8 +/- 0.5 %o) (Ueda
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and Sakai, 1984” cited in Luhr and Logan, 2002). The wide variation is attributed to the 
role for recycling o f  isotopically heavy crustal sulfur in the subducting slab in the form 
o f either seawater sulfate, hydrothermally altered oceanic crust, or deep-sea sediments 
(Luhr and Logan, 2002). Luhr and Logan (2002) interpreted the mean isotopic value o f  
+0.7 %o for ovoid-shaped inclusions in phenocrysts to be o f magmatic origin.
The maximum fractionation (35 %o) seen in the study area between sulfides and 
sulfates is in the SRSPRG SNC (located in the southern part). This is near the upper 
limit for equilibrium fractionation between those sulfur species observed in 
hydrothermal systems (thermochemical sulfate reduction). Alternatively, it could be 
produced by sulfur-reducing bacteria.
When oxidation o f sulfide occurs during nonequilibrium, unidirectional 
chemical reactions, the magnitude o f  the kinetic isotope effect between the sulfide 
(H2S) and sulfate (SO42') compounds is small compared to isotopic fractionation during 
sulfate reduction. In the case o f  sulfide oxidation, the rate o f  oxidation is not controlled 
by chemical bond rupture, contrary to what happens during sulfate reduction (Barnes, 
1979). The kinetic isotopic effect (ki/k2) for both organic and inorganic oxidation o f  
H2S at low temperature is = 1.000 +/- 0.003%o.
A  second source o f  sulfur species considered for the discussion is evaporites o f  
Early to Middle Cretaceous age. They have been reported in the study area, especially 
in the southern part (Section 3.1.4.4.). If present in the Puebla Valley, these deposits are 
buried beneath Tertiary lacustrine sediments and subsequent volcanic deposits (Chapter 
3).
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The average value o f  o34S in sulfate o f  the study area is +15.4 %o. This value 
supports the suggested Early to Middle Cretaceous evaporite as the most likely source 
for the sulfur in the system. A  534S value o f  + 14 %o was reported by Claypool et al. 
(1980) for Albian- Aptian evaporites around the Gulf o f  Mexico. The same authors 
reported values between +15 and +17 %o for Triassic-Jurassic evaporite around the 
globe. More direct evidence o f  the isotopic signature observed in regional evaporite 
deposits comes from the value reported by G off et al. (1998); they measured +16.4 %o 
in gypsum from a regional evaporite deposit.
The isotopic signature o f  dissolved sulfate, reported in the study area, is in 
accordance with a value expected from dissolution o f  sulfate from Early to Middle 
Cretaceous. A  small fractionation between gypsum and dissolved sulfate o f  AgypSum.suifate 
= <534SgypSUm —b34Ssuifate = +1.65 %o was determined at ambient temperature by Thode and 
Monster (1965; cited in Seal et al. 2000).
A  third possible source for sulfur in the area could include anthropogenic 
emissions, marine aerosols, and volcanic emissions, which impact the concentration and 
isotopic values o f  sulfur in the atmosphere (Myron et al. 1998: cited in Kendall and 
McDonnell). However, a wide range o f  634S is observed in samples representing the 
isotopic composition o f  the atmosphere in several places around the globe (Table 15.1 
in Kendall and McDonnell, 1998). For example, in volcanic regions, like Japan, the 
range is between -1.3 to +15.6 %o. Atmospheric sulfur in Italy falls within this range 
(-2.5 to + 8.3). Anthropogenic emissions w ill also vary depending o f  their source. 534S 
in coal, gas and oil, and sulfide ores ranges between -30 to + 30 %o, -5 to +30 %o, and -
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25 to + 25 %o, respectively. The wide variation in sulfur isotopic composition o f  
atmospheric gases makes it difficult to assess their contribution to groundwater sulfate 
in the absence o f  local atmospheric sulfate analyses. However, because o f  the 
magnitude o f  SO2 emissions from Mt. Popocatepetl, the range o f  values o f  1.5-6.4%o 
measured for emissions o f  that volcano by G off et al. (1998) might be expected to 
dominate the local atmospheric value.
6.4.2.2. Sulfur-Reducing Bacteria (SRB)
Enrichment samples (S l_190, S2, TEP, ATLX4) collected for this study were 
all positive for Desulfovibrio-Desulfomicrobium  species, indicating the type o f  bacteria 
that potentially is responsible for the isotopic fractionation between sulfate and sulfide.
Samples collected from leachate in seven municipal landfills in northwest 
England were analyzed by Daly et al. (2000) using molecular biological methods. A  
combination o f  16S rRNA-targeted oligonucleotide probes and PCR primers for six 
phylogenetic groups o f  sulfate-reducing bacteria (SRB) were designed and evaluated to 
provide information on the occurrence and distribution o f SRB taxa (Daly et. al 2000). 
That study reported on two o f the same species o f  SRB found in the Puebla Valley 
project, Desulfovibrio-Desulfomicrobium, documenting the diverse environments in 
which these bacteria can exist.
These observations led me to conclude that SRB are at least partially responsible 
for the sulfide present in the system. The SRB obtain energy for their growth by 
catalyzing exergonic (energy-releasing) chemical reactions, where sulfate (in the study
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area, from evaporites) acts as the terminal electron acceptor, and the oxidation o f  
organic carbon takes place.
S 0 42' + 2 CH20  -» H2S + 2 H C 03' (6.1)
However, the system is more complex than this, because there is evidence 
supporting a hydrothermal component in the system. The maximum average 
temperatures o f  the SCN and BIXTC (both are SRSPRG with 35.9 and 35.8°C, 
respectively) are higher than the average temperature in the unconfined aquifer system 
(17.7°C) by approximately 17 degrees. This is attributed to a high geothermal gradient 
in the area, related to the volcanic arc.
6.4.3. Carbon Isotopes
The remarkably high CO2 content and high alkalinity in the samples from the 
confined aquifer (SRSPRG and SRARTW in PV and AIM), as well as for the Cholula- 
Atlixcayotl subgroup, was noticed from the beginning o f this study (bubbles were 
observed escaping while the samples were collected, and alkalinities ranged between 
600 to 1400 ppm), An immediate question arose, where the CO2 is coming from? What 
is its ultimate source?
Varley and Armienta (2001) measured gas emissions, especially, CO2, helium 
isotopic ratios and Rn to evaluate the diffusion o f volcanic gases in the area surrounding 
Mt. Popocatepetl. They concluded that no volcanic gases were diffusing through the
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edifice o f  the volcano. They did not observe any diffusion through faults, but they did 
not thoroughly document the faults either.
In the study area, four o f  the samples within the Cholula-Atlixcayotl subgroup 
(ATLX4, 6, MOMX5, RCHB) (Table 6.10) are within the range o f  values associated 
with fumalores and hot springs. They have an average o13C = -4.24 %o, which is close to 
values related to volcanic CO2. Goff et al. (1998) collected a fumarolic gas sample at
1 o
the crater rim o f Mt. Popocatepetl; it gave ad  C = -6.54 %o (Figure 8b in Werner et al. 
1997). In a geothermal field in the Yunnan Province o f  southwestern China, d13C values 
o f CO2 collected from a hot spring ranged from -7.6 %o to -1.8 %o (Du et al. 2005).
The range o f  d13C values for all samples collected, shown in Table 6.10, is 
between -0.7 and -6.0 %o. The less depleted values correspond to the samples from the 
confined aquifer (TEP, S2, Sl_45m , Sl_190m ) (Table 6.10), with an average o f  -2.5 
%o, supporting a marine carbonate influence (Figure 8b in Werner et al. 1997).
The sample with the most depleted o13C is CNG, and the value is probably due 
to its location. The CNG well is within a greenhouse, where the sample is exposed to 
organic influence.
6.4.4. Helium in the study area
6.4.4.1. Application o f  Helium Isotopes in Mexico, previous studies.
Helium isotopic ratio determinations in Mexico have been applied to calculation 
o f heat flow fluxes, measured in hydrothermal discharge centers located in the Trans-
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Table 6.10
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Mexican Volcanic Belt (Prasolov et al. 1999; Polak et al. 1985); Prol-Ledesma et al. 
1991), and to identification o f  mantle-derived helium, associated with tectonic 
structures (Taran et al. 2002). O f those references and the ones cited therein, the most 
relevant with respect to the present project is that reported by Taran et al. 2002. They 
used helium and carbon isotopic ratios measured in thermal springs located in the 
Jalisco block, to determine the proportion o f  mantle-derived helium presumably 
emanating through deep faults.
6.4.4.2. Helium used as tracer o f  volatiles from the mantle in Puebla Valiev
A  total o f  eight samples were analyzed for helium concentration; 3He/4He ratios 
were reported for 6 o f  those samples (Table 6.11). A  range o f  values between 1.08 and 
2.16 Ra (ratio o f  3He/4He in atmosphere) is observed in the samples collected in the 
study area (Table 6.11).
At the beginning o f  the project, samples for helium isotope ratio determination 
were obtained to help constrain the origin o f  CO2 observed in the samples within the 
Cholula-Atlixcayotl subgroup, which contain remarkable high alkalinity. Additionally, 
samples from the confined sulfur-rich aquifer (TEP, VW, and S2), one “cold” spring 
(XOU) and two more samples from the upper aquifer that do not contain high CO2 
(AMEC3 and CNG) in PV were collected for comparison.










a [i| ri t<1 t) d  id
A ”S










^  i  S  ^
O 
^  1
« i “ e l l 0 1 ! ! !




e e e s s s i i«  M r-’ r-' 2  2
&
I
«  13 ul m U q  □  ill





e*3 rt rd cO a  AO O O O O &5 &i
4 i 4 a 4 ^ s §  
f  £  & &  4  £  1?
3  4  4  4  4  4  4
IS
g: s? gr fP P  P  f*
l i i i i l l i
i i l l l i l M s
I
i f l i i
I i l l
f i l l
I i l J I  i t?l#
i n  u
* *  •ii H (5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
191
One o f  the lower helium values corresponds to a cold spring (XOU). The near- 
atmospheric ratio reported is not a surprise in this spring. Several lines o f  evidence 
support its atmospheric signature: a) it is a NSHFSPRG, high water discharge; b) its
1 o
high recharge elevation (estimated from its O concentration), and relatively low  
temperature (13°C), supports the hypothesis that the water travels through a relatively 
open pathway (probably fractures), relatively near the surface; and c) low concentration 
on major ions, and its location (southeastern flank o f  Mt. Popocatepetl), give strong 
support that the water is equilibrated with atmospheric helium and has a short residence 
time.
The second sample with near-atmospheric 3He/4He ratio (TEP) is a surprise, 
since it is one o f  the artesian wells in which sulfide is present (but with one o f  the 
lowest concentrations measured within the confined aquifer -  an average o f  only 2.7 
ppm total sulfide). It has a high alkalinity o f  approximately 1000 ppm, relatively low  
sulfate (only 70 ppm) compared to the high sulfide o f  most water from the confined 
aquifer.
The other two samples from the confined aquifer (S2 and VW) could not be 
analyzed for isotopic ratios due to mass spectrometer problems and resultant valve 
leakage during prolonged storage.
The high helium concentration reported for S2 (4842.5 ncc STP/g H2O), which 
is equivalent to the values measured in ATL3 and MOX5 (4215.9 and 4624.4 ncc STP/g 
H2O, respectively), suggests that the 3He/4He ratio o f  S2 may be similar to ratios 
observed in the Cholula-Atlixcayotl subgroup.
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The observed 3He/4He ratios o f  2.1 Ra in two wells o f  the Cholula-Atlixcayotl 
subgroup (ATLX3 and MOMX5), fall within the lower range o f  arc-related volcanism  
ratios, represented by a mean value o f  5.4 ± 1.9 Ra (Hilton et al. 2002).
An overall range o f  3He/4He ratios for subduction zones is between 0.01 Ra and 
8 Ra. The latter ratio is the average value for MORB, but when it is present in samples 
related with arc volcanism, the results are interpreted as having little or no influence 
from the slab being subducted (Hilton et al. 2002). On the other hand, samples with 
3He/4He ratios lower than 8 may suggest crustal contamination, where radiogenic 4He is 
present (radiogenic helium ratios o f  ~  0.05 R a )  (Hilton et al. 2002), or it may be 
attributed to slab contribution.
What may cause the low 3He/4He ratios observed in the study area (for the 
Cholula-Atlixcayotl group) is the contamination with radiogenic helium derived from a 
thick crust (Hilton et al. 2002). The estimated thickness in the study area is 40 Km.
Even though the values o f  2.1 are low with respect to the mantle-derived helium  
reported in volcanic arcs (Hilton et al. 2002), they represent more than 25 % from 
mantle-derived helium measured in MORB and some segments o f  arc volcanism  
reported by Hilton et al. (2002). 2.1 RAis a high value considering that the study area is 
located 45 km from an active volcano and 180 km from a major geothermal site (Los 
Humeros).
The high helium ratio observed in the Cholula-Atlixcayotl subgroup could not 
be explained by down-flow (infiltration from precipitation) mixing with dissolved gases 
emanating from the cone o f  Mt. Popocatepetl because other samples in the upper
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aquifer (XOU, AMEC3, CNG) have lower ratios (1.09,1.16, 1.33, respectively), and, 
moreover, those samples are near volcano flanks. XOU is located in the eastern flank o f  
Mt Popocatepetl, and AMEC3 is located at the west flank o f Mt. Malinche. Therefore, 
the interpretation o f  the relatively high 3He/4He ratios for samples in the middle o f  the 
Puebla Valley is that mantle-derived gases are emanating through faults. Faults have 
already been described in the area by Mooser et al. (1996).
6.4.4.3. Helium and CO?
One important aspect o f  elucidating the ultimate source o f  the carbon (CO2) 
present in the groundwater o f  the Puebla Valley is to contribute to the understanding o f  
the recycling o f  volatiles at subduction zones (Hilton et al. 2002). It has been shown 
that the C02/3He ratio and <513C values are useful to identify the source o f  carbon and 
quantify the amount released as CO2 at volcanic arcs (Marty et al., 1989; Sano and 
Marty, 1995, Sherwood Lollar et al., 1997; Hilton et al., 2002).
The carbon is associated with 3 possible end members: a) MORB mantle (M), b) 
slab-derived marine carbonate/limestone (or crustal marine carbonate below the edifices 
o f  the three local volcanoes), and c) organic sedimentary components (S). Their 
suggested S13C values, with respect to PDB, for each end member are -6.5 %o, 0%o and - 
20%o, respectively. Average value reported in the literature for the C02/3He ratio related
to MORB (at spreading centers) is 2 x l0 9; values up to 2 x 1011 are found in arc-related
• 1terrains; also, values o f  1 x 10 are suggested for limestone and organic sedimentary
(Sano and Marty 1995; Hilton et al. 2002).
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In Figure 6.29, one sample (MOMX5), a NSPW with high CO2 content, is 
plotted on the original figure from Sano and Marty (1995). Samples from volcanic
3 11with CO2/ He ratio ~  x 10 are assumed to have additional sources o f  carbon (i. e. 
marine limestone).
Y.Sarto, B. Marty /  Chemical Geology (Isotope Geoscience Section) 119(1995) 265-274
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CHAPTER 7 
CONCLUSIONS
7.1 Geochemical characterization o f  the aquifer system
Nine families o f  water were identified within the 105 samples with complete 
analyses (Figure 6.1 and Table 6.4). The chemical characteristics o f  the different 
families are correlated with spatial (within hydrostratigraphic units) and/or geographic 
location. For example, the most abundant family, Ca-Mg-Na-HC0 3 , is most commonly 
observed in non-sulfide pumping wells (NSPW).
In the Puebla Valley (PV), the confined aquifer has distinctive geochemistry 
with respect to the unconfined aquifer and non sulfide springs. Sulfur-rich springs and 
artesian wells were sampled from the confined aquifer; their chemistry is associated to 
the C a-M g-H C03-S04 family.
One o f the main goals o f  the project was to provide information about the origin 
and evolution o f  the sulfur-rich water, which characterize the confined aquifer in the 
PV. Geochemical characterization was based on major and trace elements, 
bacteriological analyses, testing for SRB, 8 lsO, SD, S13C from dissolved CO2, S34S from 
sulfates and sulfides, and 3He/4He ratios. The following are some o f  the most important 
conclusions related to the confined aquifer o f  the Puebla Valley.
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1. Contact with Middle-Cretaceous limestone: High Ca and Mg, 
oversaturated with respect to calcite and dolomite, <513C = -2.2.
2. Evaporite component: average o34S = + 16.4 %o, average Cl/Br -390 , 
significantly high SO4 concentrations. SI near saturation with respect to 
gypsum and celestite
3. Presence o f  SRB, partially responsible for the isotopic fractionation 
between sulfates and sulfides. Molecular biological results indicate the 
presence o f  two SRB species: Desulfovibrio-Desulfomicrobium
4. Magmatic and/or mantle-derived component: Possible but not proven, 
high total helium concentration for S2, comparable to Cholula- 
Atlixcayotl group
5. Geothermal nature: Relatively high temperature
6. Higher recharge elevation than unconfined aquifer: average = 3516 masl
The Cholula-Atlixcayotl subgroup, which is part o f  the Ca-Mg-Na-HC03
family, plots apart from the rest o f  the group wrt most o f  the ions, but in many cases 
with similar trend, e.g. Figures 6.3, 6.4, 6.6a, and 6.6b. The parameters that distinguish 
the subgroup from the rest o f  the family are its high alkalinity and CO2. However, these 
are the parameters that make them comparable to the samples from the confined aquifer, 
except that they do not contain sulfide. Therefore, according to their chemical 
concentrations and ionic ratios, particularly wrt Cl, Br, Li, B (Figures 6.7a, 6.7b, and 
6.8), an intermediate composition between the upper aquifer and confined aquifer is 
suggested (Table 6.5).
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The following is a list o f  the geochemical characteristics representing the 
Cholula-Atlicayotl subgroup
1. Magmatic and/or mantle-derived component: High Pco2, 3He/4He = 
2.1RA ratio, 513C = -4.5 %o
2. Evaporite component: Average S34S =  +  16.7 %o
3. Intermediate chemical signature between confined and unconfined 
aquifers, particularly with respect to Na, K, B, Li, and Br
4. Residing in a volcanic material: High (Na + K) /Cl, high SiC>2
5. Geothermal nature: Relatively high temperature
6. Lower recharge elevation than confined aquifer: Average recharge 
elevation: 3073 masl.
There are several springs, mainly surrounding Mt Popocatepetl, with no sulfide 
components. This kind o f  springs is divided into three groups: (a) NSINTSTRM  
(orange triangles in Figure 5.1), which are the intermittent streams, mainly located on 
the flanks o f  the volcano; water in most o f  these is at low temperature; (b) NSHFSPRG 
(red triangles in Figure 5.1), characterized by high flows and relatively high 
temperatures; and (c) NSHOTSPRG (red diamond in Figure 5.1), which is the hottest 
spring in the study area. The following are some o f the geochemical characteristics 
attributed to this group:
1. Relatively short residence time: Low ionic content, low SiC>2, 3He/4He = 1.09 
RA, Lowest SI with respect to gypsum, calcite, dolomite, and celestite.
2. Highest recharge elevation among the measured groups: 4122 masl.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BIBLIOGRAPHY
Aeschbach-Hertig W, Kipfer R, Hofer M, Imboden DM, Wieler R, Spigner P (1996). 
Quantification o f  gas fluxes from  the subcontinental mantle: The example o f  
Laacher See, a maar lake in Germany. Geochimica et Cosmochimica Acta 
66(1):31-41.
Aeschbach-Hertig W, Peeters F, Beyerle U, Kipfer R (1999). Interpretation o f  
dissolved atmospheric noble gases in natural waters. Water Resources 
Research 35(9):2779-2792.
Aeschbach-Hertig W, Peeters F, Beyerle U, Kipfer R (2000). Palaeotemperature 
reconstruction from  noble gases in ground water taking into account 
equilibration with entrapped air. Nature 405:1040-1044.
Aeschbach-Hertig W, Stute M, Clark JF, Reuter RF, Schlosser P (2002). A
paleotemperature record derived from  dissolved noble gases in groundwater 
o f  the Aquia Aquifer (Maryland, USA). Geochimica et Cosmochimica Acta 
66(5):797-817.
2 18Agemar T (2000). Temporal variations o f  8  H, 8  O and deuterium excess in 
atmospheric moisture and improvements in the CO2-H2O equilibration 
technique fo r  180 /160  isotope ratio analysis [dissertation]. Germany: Ruperto- 
Carola University o f  Heildelberg, 71 pp.
Agrogeologia (1973). Estudio geohidrologico preliminar de los Valles de Puebla y
Zahuapan (Alto Atoya )  (Preliminary geohydrogeologic study o f  the Puebla and 
Zahupan Valleys), 59 pp.
Aiuppa A, Bellomo S, Brusca L, D ’Alessandro W, Federico C (2003). Natural and 
anthropogenic factors affecting groundwater quality o f  an active volcano (Mt. 
Etna, Italy). Applied Geochemistry 18:863-882.
Aiuppa A, Brusca L, D'Alessandro W, Giammanco S, Parello F (2002). A case study 
o f  gas-water-rock interaction in a volcanic aquifer: the south-western flank o f  
Mt. Etna (Sicily). In: Stober I, Bucher K (eds) water-rock interaction. Kluwer 
Academic Publishers, Netherlands, pp 125-145.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
199
Alt JC, Shanks III WC (1998). Sulfur in serpentinized oceanicperidotites:
Serpentinization processes and microbial sulfate reduction. Journal o f  
Geophysical Research 103(B5):9917-9929.
Andrews JN (1985). The isotopic composition o f  radiogenic helium and its use to
study groundwater movement in confined aquifers. Chemical Geology 49:339- 
351.
Andrews JN, Lee DJ (1979). Inert gases in groundwater from the hunter sandstone o f  
England as indicators o f  age and palaeoclim atic trends. Journal o f  Hydrology 
41:233-252.
Ariel Consultores S.A. (1994). Estudio geohidrologico en la zona de Cacalotepec, 
Puebla (Geohydrologic study o f  the Cacalotepec zone, Puebla) Contrato de 
servicio SOAPAP-94-455. 106 p.
Bacon CR (1983). Eruptive history o f  Mount Mazama and Crater Lake Caldera, 
Cascade Range, USA. Journal o f  Volcanology and Geothermal Research 
18:57-115.
Ballentine CJ, Burgess R, Marty B (2002). Tracing flu id  origin, transport and
interaction in the crust. In: Porcelli D, Ballentine CJ, Weiler R (eds) Reviews 
in mineralogy & geochemistry, vol. 47. Noble gases in geochemistry and 
cosmochemistry. The Mineralogical Society o f  America, Washington, DC, pp 
539-614.
Ballentine CJ, Bumard PG (2002). Production, release and transport o f  noble gases in 
the continental crust. In: Porcelli D, Ballentine CJ, Weiler R (eds) Reviews in 
mineralogy & geochemistry, vol. 47. Noble gases in geochemistry and 
cosmochemistry. The Mineralogical Society o f  America, Washington, DC, pp 
481-538.
Ballentine CJ, Sherwood Lollar B (2002). Regional groundwater focusing o f  nitrogen 
and noble gases into the Hugoton-Panhandle giant gas field, USA. Geochimica 
et Cosmochimica Acta 66(14):2483-2497.
Barnes I, O’Neil JR (1971). Calcium-magnesium carbonate solid  solution from  
holocene conglomerate cements and travertines in the coast range o f  
California. Geochimica et Cosmochimica Acta 35: 699-718.
Barton PB Jr, Skinner BJ (1979). Sulfide mineral stabilities. In: Lloyd-Bames H (ed) 
Geochemistry o f  hydrothermal ore deposits, 2nd edn. John W iley & Sons, New  
York, pp 278-403.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
200
Benson BB (1973). Noble gas concentration ratios as paleotemperature indicators. 
Geochimica et Cosmochimica Acta 37:1391-1395.
Beyerle U, Purtschert R, Aeschbach-Hertig W, Imboden DM, Loosli HH, Wieler R, 
Kipfer R (1998), Climate and groundwater recharge during the last glaciation  
in an ice-covered region. Science 282:731-734.
Brownlow AH (1979). Geochemistry. Prentice Hall, New Jersey.
Bruchert V (2004). Physiological and ecological aspects o f  sulfur isotope
fractionation during bacterial sulfate reduction. In: Amend JP, Edwards KJ, 
Lyons T (Eds) Sulfur Biochemistry Past and Present, Special Paper 379. The 
Geological Society o f  America, Boulder CO, pp 1-16.
Bruchert V, Jorgensen BB, Neumann K, Riechmann D, Schlosser M, Schulz H
(2003). Regulation o f  bacterial sulfate reduction and hydrogen sulfide fluxes in 
the central Namibian coastal upwelling zone. Geochimica et Cosmochimica 
Acta 67(23):4505-4518.
Busenberg E, Plummer N  (2000). Dating young groundwater with sulfur hexafluoride: 
Natural and anthropogenic sources o f  sulfur hexafluoride. Water Resources 
Research 36(10):3011-3030.
Caliro S, Panichi C, Stanzione D (1999). Variation in the total dissolved carbon
isotope composition o f  thermal waters o f  the Island o f  Ischia (Italy) and its 
implications fo r  volcanic surveillance. Journal o f  Volcanology and Geothermal 
Research 90:219-240.
Campa MF, Coney PJ (1983). Tectono-stratigraphic terranes and mineral resource 
distribution in Mexico. Can. J. Earth Science 20:1040-1051.
Canet C, Prol-Ledesma RM, Torres-Alvarado I, Gilg HA, Villanueva RE, Cruz RLS 
(2005). Silica-carbonate stromatolites related to coastal hydrothennal venting 
in Bahia Concepcion, Baja California Sur, Mexico. Sedimentary Geology 
174(l-2):97-113.
Canfield DE (2001a). Biogeochemistry o f  sulfur isotopes. In: Valley JW, Cole DR  
(eds) Reviews in mineralogy & geochemistry, vol. 43. Stable isotope 
geochemistry. The Mineralogical Society o f  America, Washington, DC, pp 
607-633.
Canfield DE (2001b). Isotope fractionation by natural populations o f  sulfate-reducing 
bacteria. Geochimica et Cosmochimica Acta 65(7): 1117-1124.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
201
Capaccioni B, Taran Y, Tassi F, Vaselli O, Mangani G, Macias JL (2004). Source
conditions and degradation processes o f  light hydrocarbons in volcanic gases: 
an example from  El Chichon volcano (Chiapas State, Mexico). Chemical 
Geology 206: 81-96.
Cartwright I, Weaver T, Tweed S, Aheame D, Cooper M, Czapnik K, Tranter J 
(2002). Stable isotope geochemistry o f  cold C02-bearing mineral spring  
waters, Daylesford, Victoria, Australia: sources o f  gas and water and links 
with waning volcanism. Chemical Geology 185:71-91.
Castro MC, Goblet P, Ledoux E, Violette S, Marsily G de (1998). Noble gases as 
natural tracers o f  water circulation in the Paris Basin 2. Calibrian o f  a 
groundwater flow  model using noble gas isotope data. Water Resources 
Research 34(10):2467-2483.
Castro MC, Jambon A (1998). Noble gases as natural tracers o f  water circulation in 
the Paris Basin: 1. Measurements and discussion o f  the origin and 
mechanisms o f  vertical transport in the basin. Water Resources Research 
34(10):2443-2466.
Castro MC, Stute M, Schlosser P (2000). Comparison o f 4He ages a n d 14C ages in 
simple aquifer systems: implications fo r  groundwater flow  and chronologies. 
Applied Geochemistry 15:1137-1167.
Castro-Govea R (1999). Historia eruptiva reciente del volcan La Malinche (Recent 
eruptive history o f  the La Malinche volcano). MS Thesis. Posgrado en 
Ciencias de la Tierra, Instituto de Geofisica de la UNAM, 130 p.
Castro-Govea R, Siebe C, Abrams M (2001). Recent eruptive history o f  La Malinche 
volcano, Mexico: Towards the construction o f  a hazards map [abstract V42C- 
1030]. In: Eos Trans. AGU, 82(47). Fall Meeting Supplemental; 2001; San 
Francisco, C A ..
Chapelle FH (2001). Groundwater microbiology and geochemistry, 2nd edn. John 
W iley & Sons, Inc., New York.
Chiodini G, Frondini F, Kerrick DM, Rogie J, Parello F, Peruzzi L, Zanzari AR
(1999). Quantification o f  deep CO2 fluxes from  Central Italy. Examples o f  
carbon balance fo r  regional aquifers and o f  soil diffuse degassing. Chemical 
Geology 159:205-222.
Chu X, Ohmoto H, Cole DR (2004). Kinetics o f  sulfur isotope exchange between
aqueous sulfide and thiosulfate involving intra- and intermolecular reactions 
at hydrothermal conditions. Chemical Geology 211:217-235.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
202
o
Clarke WB, Beg MA, Craig H (1969). Excess He in the sea: evidence fo r  terrestrial 
prim ordial helium. Earth and Planetary Science Letters 6:213-220.
CNA (2004). Statistics on Water in Mexico [Internet]. Available from:
http ://www.cna. gob .mx/eCNA/Espaniol/Estadisticas/Central/Estadisticas Agu 
a 2004/SWM 2004.htm.
Cole D, Ohmoto H (1986). Kinetics o f  isotopic exchange at elevated temperatures and 
pressures. In: Valley JW, Taylor HP Jr, O’Neil JR (eds) Reviews in 
mineralogy, vol. 16. Stable isotopes in high temperature geological processes. 
The Mineralogical Society o f  America, Chelsea, Michigan, pp 41-90.
Consejo de Recursos Minerales (CRM) (1998). Carta Geologico-Minera Cuernavaca 
E14-5. Geologic -  Mineralogic sheet o f  Cuernavaca. Escala 1:250,000: first 
edition.
Consejo de Recursos Minerales (CRM) (2002). Carta Geologico-Minera Ciudad de 
Mexico E14-2. Geologic-Mineralogic sheet o f  Mexico City. Escala 1:250,000: 
first edition..
Coplen TB, Herczeg AL, Barnes Ch (2001). Isotope engineering using stable isotopes 
o f  the water molecule to solve practical problems. In: Cook P, Herczeg AL 
(eds) Environmental tracers in subsurface hydrology, 2nd edn. Kluwer 
Academic Publishers, Norwell, Massachusetts, pp 79-110.
Cortes A, Durazo J (1997). Robert N. F arvoldeny el estudio cientifico del agua 
subterranea en Mexico. (Robert N. Farvolden and the scientific study o f  
groundwater in Mexico) Instituto de Geofisica UNAM, pp 2-12.
Cortes A, Durazo J (2001). Sobre la cerradura hidrogeoldgica de la cuenca de Mexico 
(About the hydrogeology o f the Mexico basin). Ingenieria Hidraulica en 
Mexico 16(2):195-198.
Cortes A, Durazo J (2001). Tendencia del oxigeno-18 en la precipitacion del centro de 
Mexico. (Tendency o f  the oxygen-18 in the precipitation o f central Mexico) 
Ingenieria Hidraulica en Mexico 16(2):93-102.
Cortes A, Durazo J, Farvolden RN (1997). Studies o f  isotopic hydrology o f  the basin 
o f  Mexico and vicinity: annotated bibliography an interpretation. Journal o f  
Hydrology 198:346-376.
Craig H (1961a). Isotopic geochemistry o f  volcanic water and steam. Science 134: 
1427-1428.
Craig H. (1961b). Isotopic variations in meteoric waters. Science 133: 1702-03.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
203
Craig H, Gordon LI, Horibe Y  (1963). Isotopic exchange effects in the evaporation o f  
water. Journal o f  Geophysical Research 68(17):5079-5087.
Criss RE (1995). Stable isotope distribution: variations from temperature, organic 
and water-rock interactions. Global Earth Physics 1:292-307.
Criss RE (1999). Principles o f  stable isotope distribution. Oxford University Press, 
Inc., N ew York.
Criss RE, Champion DE (1991). Oxygen isotope study o f  the fossil hydrothermal 
system in the Comstock Lode mining district, Nevada. The Geochemical 
Society (special publication) 3:437-447.
Criss RE, Taylor HP Jr (1986). Meteoric-hydrothermal systems. In: Valley JW, Taylor 
HP Jr, O’Neil JR (eds) Reviews in mineralogy, vol. 16. Stable isotopes in high 
temperature geological processes. The Mineralogical Society o f  America, 
Chelsea, Michigan, pp 373-424.
Cullis CF, Hirschler MM (1980). Atmospheric sulphur: natural and man-made 
sources. Atmospheric Environment 14:1263-1278.
D ’Amore F, Bolognesi L (1994). Isotopic evidence fo r  a magnetic contribution to 
fluids o f  the geothermal systems ofLarderello, Italy, and The Geysers, 
California. Geothermics 23(l):21-32.
Daly K, Sharp RJ, McCarthy AJ (2000). Development o f  oligonucleotide probes and 
PCR primers fo r  detecting phylogenetic subgroups o f  sulfate-reducing 
bacteria. Microbiology 146:1693-1705.
Dansgaard W (1964). Stable isotopes in precipitation. Tellus 16(4):436-468.
Davis S, DeWayne Cecil L, Zreda M, M oysey S (2001). Chlorine-36, bromide, and 
the origin o f  spring water. Chemical Geology 179: 3-16.
Deak J (1979). Environmental isotopes and water chemical studies fo r  ground water 
research in Hungary. In: IAEA Isotopes hydrology 1978, Proc Symp, pp 221- 
249.
Detmers J, Bruchert V, Habicht K, Kuever J (2001). Diversity o f  sulfur isotope
fractionations by sulfate-reducing prokaryotes. Applied and Environmental 
Microbiology 67(2):888-894.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
204
Dickman MD, Thode HG (1990). Sulphur bacteria and sulphur isotope fractionation  
in a meromictic lake near Toronto, Canada. In: Ittebbot V, Kempe S,
Michaelis A, Spilzy A  (eds) Facets o f  modem biogeochemistry. Springer- 
Verlag, Berlin Germany, pp 225-241.
Drever JI (1997). The geochemistry o f  natural waters', surface and groundwater 
environments, 3rd edn. Prentice Hall, New Jersey.
Druschel GK, Hamers RJ, Banfield JF (2003). Kinetics and mechanism o f
polythionate oxidation to sulfate a t low p H  by O2 and Fes+. Geochimica et 
Cosmochimica Acta 67(23):4457-4469.
Du JG, Liu CQ, Fu BH, Ninomiya Y, Zhang YL, Wang CY, Wang HL, Sun ZG
(2005). Variations o f  geothermometry and chemical-isotopic compositions o f  
hot spring fluids in the Rehai geothermal field, Southwestern China. Journal o f  
Volcanology & Geothermal Research 142(3-4):243-261.
Dunai TJ, Porcelli D (2002). Storage and transport o f  noble gases in the
subcontinental lithosphere. In: Porcelli D, Ballentine CJ, Weiler R (eds) 
Reviews in mineralogy & geochemistry, vol. 47. Noble gases in geochemistry 
and cosmochemistry. The Mineralogical Society o f America, Washington, DC, 
pp 371-409.
Eaton AD, Clesceri LS, Greenberg AE (Eds) (1995). Standard methods fo r  the
examination o f  water and wastewater, 19th edn. APHA: Washington (D C )..
Ehara S, Jin X, Fujimitsu Y, Mogi T, Itoi R, Kai T, Zhang L (2000). Crustal 
temperature and geothermal systems in the northeastern p art o f  China. 
Proceedings World Geothermal Congress; 2000 May 28-JunelO; Kyushu- 
Tohoku, Japan, pp 2069-2073.
Ehrlich HL (1996). Geomicrobiology, 3rd edn. Marcel Dekker, Inc., New York.
Evans WC, Sorey ML, Cook AC, Kennedy BM, Shuster DL, Colvard EM, White LD, 
Huebner MA (2002). Tracing and quantifying magmatic carbon discharge in 
cold groundwaters: lessons learned from  Mammoth Mountain, USA. Journal o f  
Volcanology and Geothermal Research 114:291-312.
EXYCO (1990). Estudio de actualizacion geohidrologica del Valle de Puebla,
(Update about the Puebla Valley geohydrology) 108 pp 1-34.
Faure G (1989). Principles o f  isotope geology. John W iley & Sons, New York .
Faure G (1998). Principles and applications o f  geochemistry. Prentice Hall, New  
Jersey.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
205
Faust SD, A ly OM (1981) Chemistry o f  natural waters. Ann Arbor Science Publishers, 
Inc., Michigan.
Felipe MA, Kubicki JD, Rye DM (2003). Hydrogen isotope exchange kinetics 
between H2O and H4Si0 4 from  ab initio calculations. Geochimica et 
Cosmochimica Acta 67(7): 1259-1276.
Ferrari L, Conticelli S, Vaggelli G, Petrone CM, Maneti P (2000). Late Miocene
volcanism and intra-arc tectonics during the early development o f  the Trans- 
Mexican Volcanic Belt. Tectonophysics 318:161-185.
Ferrari L, Garduno VH, Pasqueare G, Tibaldi A  (1994). Volcanic and tectonic
evolution o f  central Mexico: Oligocene to present. Geofisica Intemacional 
33(1):91-105.
Ferrari L, Lopez-Martinez M, Aguirre-Diaz G, Carrasco-Nunez G (1999). Space-time 
patterns o f  Cenozoic arc volcanism in central Mexico: From the Sierra Madre 
Occidental to the Mexican Volcanic Belt. Geology 27(4):303-306.
Fries C Jr (1960). Geologla del Estado de Morelos y  de partes adyacentes de Mexico y  
Guerrero, Region Central Meridional de Mexico (Geology o f  Morelos State 
and adjacent parts o f  Mexico and Guerrero, meridional central region o f  
Mexico). Instituto de Geologia, Boletin 60, UNAM, Mexico.
Fritz P, Basharmal GM, Drimmie RJ, Ibsen J, Qureschi RM (1989). Oxygen isotope 
exchange between sulphate and water during bacterial reduction o f  sulphate. 
Chemical Geology 79:99-105.
Fritz P, Drimmie RJ, Nowicki VK (1974). Preparation o f  sulfur dioxide fo r  mass
spectrometer analyses by combustion o f  sulfides with copper oxide. Analytical 
Chemistry 46(1): 164-166.
Fritz P, Fontes JCh (1986). Handbook o f  environmental isotope geochemistry 2. 
Elsevier, New York.
Fritz P, Hennings CS, Suzuki O, Salati E (1978). Isotope hydrology in northern Chile. 
In: IAEA Isotope hydrology 1978, Proc Symp, pp 525-544.
Frot E, Van Wesemael B, Vandenschrick G, Souchez R, Sole Benet A  (2002).
Characterising rainfall regimes in relation to recharge o f  the Sierra de Gador- 
Campo de Dalias aquifer system (S-E Spain). Belgeo 2:145-158.
Fry B, Ruf W, Gest H, Hayes JM (1988). Sulfur isotope effects associated with
oxidation o f  sulfide by O2 in aqueous solution. Chemical Geology 73:205-210.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
206
Geotecnologia, S.A. (1997). Actualization del estudio geohidrologico de los acuiferos 
del Valle de Puebla, Pue. (Update o f  the geohydrology o f the aquifers in the 
Puebla Valley, Pue.). Contrato No. SOAPAP-96-25D. Mexico, D. F.
Giammanco S, Gurrieri S, Valenza M (1998). Anomalous soil CO2 degassing in
relation to faults and eruptive fissures on Mount Etna (Sicily, Italy). Bulletin o f  
Volcanology 60:252-259.
Giammanco S, Ottaviani M, Valenza M, Veschetti E, Principio E, Giammanco G, 
Pignato S (1998). M ayor and trace elements geochemistry in the ground 
waters o f  a volcanic area: Mount Etna (Sicily, Italy). Water Research 
32(l):19-30.
Giesemann A, Jager HJ, Krouse HR, Brand WA (1994). On-line sulfur-isotope
determination using an elemental analyzer coupled to a mass spectrometer. 
Analytical Chemistry 66:2816-2819.
Giggenbach WF (1974a). Equilibria involving polysulfide ions in aqueous sulfide 
solutions up to 240°. Inorganic Chemistry 13(7):1724-1730.
Giggenbach WF (1974b). Kinetics o f  the polysulfide-thiosulfate disproportionation up 
to 240°. Inorganic Chemistry 13(7): 1730-1733.
Giggenbach WF (1987). Redox processes governing the chemistry o f  fumarolic gas 
discharges from  White Island, New Zealand. Applied Geochemistry 2:143- 
161.
Giggenbach WF (1988). Geothermal solute equilibria. Derivation ofNa-K-M g-Ca 
geoindicators. Geochimica et Cosmochimica Acta 52:2749-2765.
Giggenbach WF (1992). Isotopic shifts in waters from geothermal and volcanic 
systems along convergent p lace boundaries and their origin. Earth and 
Planetary Science Letters 113:495-510.
G off F, Janik CJ (2002). Gas geochemistry o f  the Valles caldera region, New Mexico 
and comparisons with gases at Yellowstone, Long Valley and other geothermal 
systems. Journal o f  Volcanology and Geothermal Research 116:299-323.
Goff F, Janik CJ, Delgado H, Werner C, Counce D, Stimac JA, Siebe C, Love SP, 
Williams SN, Fischer T, Johnson L (1998). Geochemical surveillance o f  
magmatic volatiles at Popocatepetl volcano, Mexico. GS A Bulletin 
110(6):695-710.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
207
Gonfiantini R, Frohlich K, Araguas-Araguas L, Rozanski K (2000). Isotopes in
Groundwater Hydrology. In: Kendall C, McDonnell JJ (eds) Isotope tracers in 
catchment hydrology. Elsevier, Netherlands, pp 203-246.
Gonfiantini R, Roche MA, Olivry JC, Fontes JC, Zuppi GM (2001). The altitude effect 
on the isotopic composition o f  tropical rains. Chemical Geology 181:147-167.
Graber ER, Aharon P (1991). An improved microextraction technique fo r  measuring 
dissolved inorganic carbon (DIC) 5I3C d ic  and 8 18O h 2 0  from  milliliter-size 
water samples. Chemical Geology 94(2): 137-144.
Graham DW (2002). Noble gas isotope geochemistry o f  mid-ocean ridge and ocean 
island basalts: Characterization o f  mantle source reservoirs. In: Porcelli D, 
Ballentine CJ, Weiler R (eds) Reviews in mineralogy & geochemistry, vol. 47. 
Noble gases in geochemistry and cosmochemistry. The Mineralogical Society 
o f  America, Washington, DC, pp 247-317.
Guilbert JM, Park ChF Jr (1986). The geology o f  ore deposits. WH Freeman and 
Company, New York.
Gupta SK, Deshpande RD (2003). Dissolved helium and TDS in groundwater from  
Bhavnagar in Gujarat: unrelated to seismic events between August 2000 and 
January 2001. Proc. Indian Acad. Sci. (Earth Planet Sci.) 112(l):51-60.
Habicht KS, Canfield DE, Rethmeier J (1998). Sulfur isotope fractionation during 
bacterial reduction and disproportionation o f  thiosulfate and sulfite. 
Geochimica et Cosmochimica Acta 62(15):2585-2595.
Hanor JS (2000). Barite-Celestine Geochemistry and Environments o f  Formation. In: 
Alpers CN, Jambor JL, Nordstrom DK (eds) Reviews in mineralogy & 
geochemistry, vol. 40. Sulfate Minerals, crystallography, geochemistry, and 
Environmental Significance. The Mineralogical Society o f  America, 
Washington, DC, pp 193-275.
Heaton THE (1984). Rates and sources o f 4He accumulation in groundwater. 
Hydrological Sciences Journal 29:29-47.
Heaton THE, Vogel JC (1981). “Excess a ir” in groundwater. Journal o f  Hydrology 
50:201-216.
Hedenquist JW, Aoki M (1991). Meteoric interaction with magmatic discharges in 
Japan and the significance fo r  mineralization. Geology 19:1041-1044.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
208
Hedenquist JW, Aoki M, Shinohara H (1994). Flux o f  volatiles and ore-forming
metals from the magmatic-hydrothermal system o f Satsuma Iwoiima volcano. 
Geology 22:585-588.
Herczeg AL, Edmunds WM (2001). Inorganic ions as tracers. In: Cook P, Herczeg 
AL (eds) Environmental tracers in subsurface hydrology, 2nd edn. Kluwer 
Academic Publishers, Norwell, Massachusetts, pp 31-77.
Herzberg O, Mazor E (1979). Hydrological applications o f  noble gases and
temperature measurements in underground water systems: examples from  
Israel. Journal o f  Hydrology 41:217-231.
Hildreth W, Christiansen RL, O'Neil JR (1984). Catastrophic isotopic modification o f  
rhyolitic magma at times o f  Caldera subsidence, Yellowstone Plateau Volcanic 
Field. Journal o f  Geophysical Research 89(B10):8339-8369.
Hilton DR (1996). The helium and carbon isotope systematics o f  a continental
geothermal system: results from  monitoring studies at Long Valley caldera 
(California, USA). Chemical Geology 127:269-295.
Hilton DR, Fischer TP, Marty B (2002). Noble gases and volatile recycling at
subduction zones. In: Porcelli D, Ballentine CJ, Weiler R (eds) Reviews in 
mineralogy & geochemistry, vol. 47. Noble gases in geochemistry and 
cosmochemistry. The Mineralogical Society o f  America, Washington, DC, pp 
319-370.
Hoefs J (1978). Some peculiarities in the carbon isotope composition o f  “juven ile” 
carbon. In: Robinson BW (ed) Stable isotope in the earth science. Dep. Sci. 
Ind. Res., Bulletin 220:181-184.
Hoefs J (1997). Stable isotope geochemistry, 4th edn. Springer-Verlag, Germany.
Ingebritsen SE, Sorey ML (1985). A quantitative analysis o f  the Lassen Hydrothermal 
System, North Central California. Water Resources Research 21(6):853-868.
Ingraham NL (2000). Isotopic variations in precipitation. In: Kendall C, McDonnell 
JJ (eds) Isotope tracers in catchment hydrology. Elsevier, Netherlands, pp 87- 
118.
Instituto Nacional de Estadistica, Geografia e Informatica (INEGI) (1998). Anuario 
Estadistico del Estado de Puebla, Talleres Graficos, INEGI. Mexico, D.F. pp 
726.
Issar A, Gat J (1981). Environmental isotopes as a tool in hydrogeological research in 
an arid basin. Ground Water 19(5):490-494.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
209
James ER, Manga M, Rose TP, Hudson GB (2000). The use o f  temperature and the
isotopes o f  O, H, C and noble gases to determine the pattern and spatial extent 
o f  groundwater flow. Journal o f  Hydrology 237:100-112.
Janik CJ, G off F, Fahlquist L, Adams AI, Roldan-M A, Chipera SJ, Trujillo PE,
Counce D (1992). Hydrogeochemical exploration o f  geothermal prospects in 
the Tecuamburro volcano region, Guatemala. Geothermics 21(4):447-481.
Johnson CA, Harrison CGA (1990). Neotectonics in Central Mexico. Physics o f  the 
Earth and Planetary Interiors 64:187-210.
Kehew AE (2001). Applied chemical hydrogeology. Prentice Hall, New Jersey.
Kelley SP, Fallick AE (1990). High precision spatially resolved analysis o f  S 34S in 
sulphides using a laser extraction technique. Geochimica et Cosmochimica 
Acta 54: 883-888.
Kendall C, Caldwell EA (1998). Fundamentals o f  isotope geochemistry. In: Kendall 
C, McDonnell JJ (eds) Isotope tracers in catchment hydrology. Elsevier, 
Netherlands, pp 51-86.
Kipfer R, Aeschbach-Hertig W, Peeters F, Sute M (2002). Noble gases in lakes and 
ground waters. In: Porcelli D, Ballentine CJ, Weiler R (eds) Reviews in 
mineralogy & geochemistry, vol. 47. Noble gases in geochemistry and 
cosmochemistry. The Mineralogical Society o f  America, Washington, DC, pp 
615-700.
Kiyosu Y, Kurahashi M (1983). Origin o f  sulfur species in acid sulfate-chloride 
thermal waters, northeastern Japan. Geochimica et Cosmochimica Acta 
47:1237-1245.
Knoblich K (1971). Las caracteristicas quimicas de las aguas subterraneas en la 
ciudad de Puebla (The chemical characteristics o f the groundwater in the 
Puebla City). This is within volume 4 o f  a larger report, whose complete 
reference is missing.
Knoblich K (1973). Las condiciones de las aguas subterraneas en la cuenca de
Puebla-Tlaxcala (The condition o f  the groundwater in the Puebla-Tlaxcala 
Basin) in: Geociencias. Fundacion Alemana para la investigacion cientifica 
Proyecto Puebla-Tlaxcala Comunicaciones 7.
Krouse RH, Mayer B (2001). Sulphur and oxygen isotopes in sulphate. In: Cook P, 
Herczeg AL (eds) Environmental tracers in subsurface hydrology, 2nd edn. 
Kluwer Academic Publishers, Norwell, Massachusetts, pp 195-231.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
210
Kulongoski JT, Hilton DR (2002). A quadrupole-based mass spectrometric system fo r  
the determination o f  noble gas abundances in fluids'. Geochemistry 
Geophysics Geosystems 3(6):U1-U10.
Lee Davisson M, Criss RE (1996). Na-Ca-Cl relations in basinal fluids. Geochimica 
et Cosmochimica Acta 60(15):2743-2752.
Lenczewski LE, McKay LD, Layton A  (2004). Anaerobic Biodegradation ofTC E  in 
laboratory columns o f  fractured saprolite. Groundwater 42(4):534-541.
Lippmann J, Stute M, Torgersen T, Moser DP, Hall JA, Lin L, Borcsik M, Bellamy 
RES, Onstott TC (2003). Dating ultra-deep mine waters with noble gases and 
36Cl, Witwatersrand Basin, South Africa. Geochimica et Cosmochimica Acta 
67(23):4597-4619.
Lopez-Ramos E (1981). Geologia de Mexico, tomo III, 2da edn. (Geology o f  Mexico 
III). Tesis Resendiz SA, Mexico .
Lopez-Ramos E (1982). Geologia de Mexico, tomo II, 3ra edn. (Geology o f  Mexico 
II). Tesis Resendiz SA, Mexico .
Love SP, G off F, Counce D, Siebe C, Delgado H (1998). Passive infrared
spectroscopy o f  the eruption plume at Popocatepetl volcano, Mexico. Letters to 
Nature 396:563-567.
Luhr JF, Logan MAV (2002). Sulfur isotope systematics o f  the 1982 El Chichon
trachyandesite: an ion microprobe study. Geochimica et Cosmochimica Acta 
66(18):3303-3316.
Mahlknecht J, Schneider JF, Merkel BJ, Navarro de Leon I, Bemasconi SM (2004). 
Groundwater recharge in a sedimentary basin in semi-arid Mexico. 
Hydrogeology Journal 12:511-530.
Makhnach A, Mikhajlov N, Kolosov I, Gulis L, Shimanovich V, Demeneva O (2000). 
Comparative analysis o f  sulfur isotope behavior in the basins with evaporates 
o f  chloride and sulfate types. Sedimentary Geology 134:343-360.
Marine IW (1979). The use o f  naturally occurring helium to estimate groundwater 
velocities fo r  studies o f  geologic storage o f  radioactive waste. Water 
Resources Research 15(5):1130-1136.
Marquez A, Oyarzun R, Doblas M, Verma SP (1999). Alkalic (ocean-island basalt 
type) and calc-alkalic volcanism in the Mexican volcanic belt: a case fo r  
plume-related magmatism and propagating rifting at an active margin? 
Geology 27(l):51-54.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
211
Martin-Del Pozo AL, Aceves F, Espinosa R, Aguayo A, Inguaggiato S, Morales P,
Cienfuegos E (2002a). Influence o f  volcanic activity on spring water chemistry 
at Popocatepetl Vocano, Mexico. Chemical Geology 190:207-229.
Martin-Del Pozo AL, Inguaggiato S, Aceves F, Saenz H, Aguayo A  (2002b). Spring 
water and CO2 interaction at Popocatepetl volcano, Mexico. Geoflsica 
Intemacional 2(3):345-351.
Martinez Serrano RG, Jacquier B, Arnold M (1996). The S 34S composition o f  sulfates 
and sulfides at the Los Humeros geothermal system, Mexico and their 
application to physicochemical flu id  evolution. Journal o f  Volcanology and 
Geothermal Research 73:99-l 18.
Marty B, Jambon A, Sano Y (1989/ Helium isotopes and CO2 in volcanic gases o f  
Japan. Chemical Geology 76:25-40.
Massmann G, Tichomirowa M, Merz C, Pekdeger A  (2003). Sulfide oxidation and 
sulfate reduction in a shallow groundwater system (Oderbruch Aquifer, 
Germany). Journal o f  Hydrology 278:231-243.
Mazor E (1972). Paleotemperatures and other hydrological parameters deduced from  
noble gases dissolved in groundwaters; Jordan Rift Valley, Israel. Geochimica 
et Cosmochimica Acta 36:1321-1336.
Mazor E (1991). Applied chemical and isotopic groundwater hydrology. New York, 
Halsted Press, 274 pp.
Mazor E, Verhagen BTh (1983). D issolved ions, stable and radioactive isotopes and 
noble gases in thermal waters o f  South Africa. Journal o f  Hydrology 63:315- 
329.
McKibbin R, Absar A  (1989). A model fo r  oxygen isotope transport in hydrothermal 
systems. Journal o f  Geophysical Research 94(B6):7065-7070.
Minissale A, Chandrasekharam D, Vaselli O, Magro G, Tassi F, Pansini GL,
Bhramhabut A  (2003). Geochemistry, geothermics and relationship to active 
tectonics o f  Gujarat and Rajasthan thermal discharges, India. Journal o f  
Volcanology and Geothermal Research 127:19-32.
Moncaster SJ, Bottrell SH (1991). Extraction o f  low-level sulphide from  ground 
waters fo r  sulphur isotope analysis. Chemical Geology 94:79-82.
Mook WG, Bommerson JC, Staverman WH (1974). Carbon isotope fractionation
between dissolved bicarbonate and gaseous carbon dioxide. Earth Planet Sci. 
Letter 22:169-176.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
212
Moore JN, Norman DI, Kennedy BM (2001). Fluid inclusion gas compositions from  
an active magmatic-hydrothermal system: a case study o f  The Geysers 
geothermal field, USA. Chemical Geology 173:3-30.
Mooser F (1972). The Mexican volcanic belt: structure and tectonics. Geofisica 
Intemacional 12:55-70.
Mooser F, Montiel A, Zuniga A  (1996). Nuevo mapa geologico de las cuencas de 
Mexico, Toluca y  Puebla: estratigrafla, tectonica regional y  aspectos 
geotermicos. (New Geologic map o f  the Mexico, Toluca, and Puebla basins: 
stratigraphy, regional tectonics and geothermic aspects). Comision Federal de 
Electricidad, Ciudad de Mexico, 206 pp.
Moran-Zenteno D (1994). Geology o f  the Mexican Republic. AAPG Studies in 
Geology # 39. Translated and with additional annotated bibliography by 
Wilson JL and Sanchez-Barreda L. Tulsa, OK: American Association o f  
Petroleum Geologists.
Morse JW, MacKenzie FT (1990). Geochemistry o f  sedimentary carbonates. 
Amsterdam Elsevier, pp 707.
Negendank JFW, Emmermann R, Krawczyk R, Mooser F, Tobschall H, Werle D 
(1985). Geological and Geochemical Investigations on the Eastern Trans 
Mexican Volcanic Belt. Geofisica Intemacional 24(4):477-577.
Nixon GT, Demant A, Armstrong RL, Harakal JE (1987). K-Ar and geologic data 
bearing on the age and evolution o f  the Trans-Mexican Volcanic Belt. 
Geofisica Intemacional 26(1): 109-158.
O’Neil JR (1986). Theoretical and experimental aspects o f  isotopic fractionation. In: 
Valley JW, Taylor HP Jr, O’Neil JR (eds) Reviews in mineralogy, vol. 16. 
Stable isotopes in high temperature geological processes. The Mineralogical 
Society o f  America, Chelsea, Michigan, pp 1-40.
• 7 3 77?O’Neil JR, Barnes I (1971). C and O compositions in some fresh water carbonates 
associated with ultramafic rocks and serpentinites: Western United States. 
Geochimica et Cosmochimica Acta 35:687-697.
Ohmoto H, Lasaga AC (1982). Kinetics o f  reactions between aqueous sulfates and
sulfides in hydrothermal systems. Geochimica et Cosmochimica Acta 46:1727- 
1745.
Ohmoto H, Rye RO (1979). Isotopes o f  sulfur and carbon. In: Lloyd Barnes H (ed)
Geochemistry o f  hydrothermal ore deposits, 2nd edn. John W iley & Sons, New  
York, pp 509-567.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
213
Oppenheimer C (1996). On the role o f  hydrothermal systems in the transfer o f
volcanic sulfur to the atmosphere. Geophysical Research Letters 23(16):2057- 
2060.
Ottonello G (1997). Principles o f  geochemistry. Columbia University Press, New  
York.
Ozima M, Podesek FA (2002). Noble gas geochemistry, 2nd edn. Cambridge 
University Press, United Kingdom.
Panichi C, Volpi G (1999). Hydrogen, oxygen and carbon isotope ratios o f  Solfatara 
fumaroles (Phlegrean Fields, Italy): further insight into source processes. 
Journal o f  Volcanology and Geothermal Research 91:321-328.
Pardo M, Suarez G (1993). Steep subduction geometry o f  the Rivera plate beneath the 
Jalisco block in western Mexico. Geophysical Research Letters 20(21):2391- 
2394.
Pardo M, Suarez G (1995). Shape o f  the subducted Rivera and Cocos plates in
southern Mexico: Seismic and tectonic implications. Journal o f  Geophysical 
Research 100(B7): 12,357-12,373.
Park Y-R, Ripley EM (1998). Sulfur isotopic analysis o f  3-10 micromole samples o f  
S02from  sulfides, sulfates, and whole rocks using conventional combustion 
and mass spectrometric techniques. Chemical Geology 150:191-195.
PEGSA (1981). Actualizacion geohidrologica del Valle de Puebla (Update o f  the 
geohydrogeology o f  the Puebla Valley), 123 pp.
Pepin RO, Porcelli D (2002). Origin o f  noble gases in the terrestrial planets. In: 
Porcelli D, Ballentine CJ, Weiler R (eds) Reviews in mineralogy & 
geochemistry, vol. 47. Noble gases in geochemistry and cosmochemistry. The 
Mineralogical Society o f  America, Washington, DC, pp 191-246.
Petrucci E, Sheppard SMF, Turi B (1993). Water/rock interaction in the Lardello 
Geothermal Field (Southern Tuscany, Italy): an 1S0 / I60  and D /H  isotope 
study. Journal o f  Volcanology and Geothermal Research 59:145-160.
Pinti DL, Marty B, Andrews JN (1997). Atmosphere-derived noble gas evidence fo r  
the preservation o f  ancient waters in sedimentary basins. Geology 25(2): 111- 
114.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
214
Pliego-Campano (2002). Analisis Fisicoquimico del agua sulfurosa del pozo  de la 
C A PU y los factores ambientales que afectan su composition [Thesis] 
(Physico-chemical analysis o f  the sulfur-rich water in the CAPU well and the 
environmental factors that influence its composition). Puebla (Pue): 
Universidad Popular Autonoma del Estado de Puebla. 135 p.
Plummer LN, Rupert MG, Busenberg E, Schlosser P (2000). Age o f  irrigation water 
in ground water from  the Eastern Snake River Plain Aquifer, South-Central 
Idaho. Ground Water 38(2):264-283.
Polak BG, Kononov VI, Prasolov EM, Sharkov IV, Prol-Ledesma RM, Gonzalez A, 
Razo A, Molina-Berbeller R (1985). First estimations o f  terrestrial heat flow  
in the TMVB and adjacent areas based on isotopic composition o f  natural 
helium. Geofisica Intemacional 24(4):465-476.
Porcelli D, Ballentine CJ (2002). Models fo r  the distribution o f  terrestrial noble gases 
and evolution o f  the atmosphere. In: Porcelli D, Ballentine CJ, Weiler R (eds) 
Reviews in mineralogy & geochemistry, vol. 47. Noble gases in geochemistry 
and cosmochemistry. The Mineralogical Society o f America, Washington, DC, 
pp 411-480.
Portugal E, Birkle P, Barragan RM, Arellano VM, Tello E, Tello M (2000).
Hydrochemical-isotopic and hydrogeological conceptual model o f  the Las tres 
virgenes geothermal field, Baja California Sur, Mexico. Journal o f  
Volcanology and Geothermal Research 101:223-244.
Prasolov EM, Polyak G, Kononov VI, Verkhovskii AB, Kamenskii IL, Prol’ RM 
(1999). Inert gases in the geothermal fluids o f  Mexico. Geochemistry 
International 37(2): 128-144.
Raab M, Spiro B (1991). Sulfur isotopic variations during seawater evaporation with 
fractional crystallization. Chemical Geology 86:323-333.
Rademacher LK, Clark JF, Hudson GB (2002). Temporal changes in stable isotope 
composition o f  spring waters: implications fo r  recent changes in climate and 
atmospheric circulation. Geology 30(2): 139-142.
Rafter TA (1957). Sulphur isotopic variations in nature Part 1: the preparation o f  
sulphur dioxide fo r  mass spectrometer examination. N.Z. Journal o f  Science 
and Technology 38(8):849-857.
Rafter TA (1957b). Sulphur isotopic variations in nature Part 2: a quantitative study 
o f  the reduction o f  barium sulphate by graphite fo r  recovery o f  sulphide- 
sulphur fo r  sulphur isotopic measurements. N.Z. Journal o f  Science and 
Technology 38(9):955-968.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
215
Rafter TA (1957c). Sulphur isotopic variations in nature Part 3: a study o f  the
combustion characteristics o f  silver sulphide and lead sulphide fo r  sulphur 
isotopic measurements. N.Z. Journal o f  Science and Technology 38(9):969- 
981.
Reyes AG, Giggenbach WF, Saleras JRM, Salonga ND, Vergara MC (1993).
Petrology and geochemistry o f  Alto Peak, a vapor-cored hydrothermal system, 
Leyte Province, Philippines. Geothermics 22(5-6):479-519.
Ripperdan RL (2001). Stratigraphic variation in marine carbonate carbon isotope
rations. In: Valley JW, Cole DR (eds) Reviews in mineralogy & geochemistry, 
vol. 43. Stable isotope geochemistry. The Mineralogical Society o f  America, 
Washington, DC, pp 637-658.
Robinson BW, Kusakabe M (1975). Quantitative preparation o f  sulfur dioxide, fo r  
34S / 2S analyses, from  sulfides by combustion with cuprous oxide. Analytical 
Chemistry 47(7): 1179-1181.
Rosano-Ortega (2003). Evaluacion de hidrotalcita industrial para el tratamiento del 
agua sulfatada del Valle de Puebla [MS Thesis] (Evaluation o f  industrial 
hydrotalcite for the treatment o f  sulfur-rich water in the Puebla Valley). Toluca 
(Mexico State): Universidad Autonoma del Estado de Mexico. 145 p.
Rose TP, Criss RE, Mughannam AJ (1994). Oxygen isotope evidence fo r
hydrothermal alteration within a Quaternary stratovolcano, Lassen Volcanic 
National Park, California. Journal o f  Geophysical Research 99(B11):21,621- 
21,633.
Rose TP, Davisson ML, Criss RE (1996). Isotope hydrology o f  voluminous cold  
springs in fractured rock from  an active volcanic region, northeastern 
California. Journal o f  Hydrology 179:207-236.
Rowe GL Jr (1994). Oxygen, hydrogen, and sulfur isotope systematics o f  the crater 
lake system o f  Pods Volcano, Costa Rica. Geochemical Journal 28:263-287.
Rowe GL Jr, Brantley SL, Fernandez JF, Borgia A  (1995). The chemical and
hydrologic structure o f  Pods Volcano, Costa Rica. Journal o f  Volcanology and 
Geothermal Research 64:233-267.
Rye RO, Back W, Hanshaw BB, Rightmire CT, Pearson FJ Jr (1981). The origin and 
isotopic composition o f  dissolved sulfide in groundwater from  carbonate 
aquifers in Florida and Texas. Geochimica et Cosmochimica Acta 45:1941- 
1950.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
216
Sanford WE, Konikow LF, Rowe GL Jr, Brantley SL (1995). Groundwater transport 
o f  crater-lake brine at Pods Volcano, Costa Rica. Journal o f  Volcanology and 
Geothermal Research 64:269-293.
Sano Y, Gamo T, Williams SN (1997). Secular variations o f  helium and carbon 
isotopes at Galeras volcano, Colombia. Journal o f Volcanology and 
Geothermal Research 77:255-265.
SARH-CNA (1992). Sinopsis Geohidrologica del Estado de Puebla (Geohydrologic 
Synopsis o f  Puebla State) Contrato num. SG-AA-89/51 Mexico, DF: Sistemas 
Graficos E, S. A. de C. V. 45 p . .
Schaaf P, Stimac J, Siebe C, Macias JL (2005). Geochemical evidence fo r  mantle 
origin and crustal processes in volcanic rocks from  Popocatepetl and 
surrounding monogenetic volcanoes, Central Mexico. Journal o f  Petrology 
Advance Access 10.1093/petrology/eg015.
Seal RRII, Alpers ChN, Rye RO (2000). Stable isotope systematics o f  sulfate 
minerals. In: Alpers CN, Jambor JL, Nordstrom DK (eds) Reviews in 
mineralogy & geochemistry, vol. 40. Crystallography, geochemistry, and 
environmental significance. The Mineralogical Society o f  America, 
Washington, DC, pp 541-602.
Seal RR II, Jambor JL, Alpers ChN (2005). Geochemistry o f  sulfate minerals in high- 
and low-temperature environments: a tribute to Robert O. Rye. Chemical 
Geology 215:1-4.
Secretaria de Agricultura y Recursos Hidraulicos (1992). Sinopsis Geohidrologica del 
Estado de Puebla, (Geohydrologic Sypnosis o f  the State o f  Puebla) Comision 
Nacional del Agua. Subdireccion General de Administration de Aguas 
Subterraneas. Mexico, DF, pp 45.
Sedlock RL, Ortega-Gutierrez F, Speed RC (1993). Tectonostratigraphic terranes and 
tectonic evolution o f  Mexico. Geological Society o f  America, Inc, Boulder, 
Colorado.
Sheppard SMF (1986). Characterization and isotopic variations in natural waters. In: 
Valley JW, Taylor, Jr. HP, O’Neil JR (eds) Reviews in mineralogy, vol. 16. 
Stable isotopes in high temperature geological processes. The Mineralogical 
Society o f  America, Chelsea, Michigan, pp 165-183.
Sherwood Lollar B., O'Nions RK, Ballentine CJ (1997). The fa te  o f  mantle-derived 
carbon in a continental sedimentary basin: Integration o f  C/He relationships 
and stable isotope signatures. Geochim. Cosmo acta. 61:2295-2307.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
217
Shevenell L, Goff F (1993). Addition o f  magmatic volatiles into the hot spring waters 
ofLoow it Canyon, Mount St. Helens, Washington, USA. Bulletin o f  
Volcanology 55:489-503.
Shinohara H, Giggenbach WF, Kazahaya K, Hedenquist JW (1993). Geochemistry o f  
volcanic gases and hot springs o f  Satsuma-Iwojima, Japan: following Matsuo. 
Geochemical Journal 27:271-285.
Siebe C, Macias J L (2004). Volcanic hazards in the Mexico City metropolitan area 
from  eruptions at Popocatepetl, Nevado de Toluca, and Jocotitlan 
stratovolcanoes and monogenetic scoria cones in the Sierra Chichinautzin 
Volcanic Field. Field Guide, Penrose Conference, Neogene-Quatemary 
Continental Margin Volcanism, 2004 January 18-22, State o f  Puebla, Mexico. 
Boulder, CO: Geological Society o f  America, 77 pp., doi: 101130/0-8137- 
0005(2004)0005<0000:VHITMC>2.0CO;2.
Siebe C, Macias JL, Abrams M, Rodriguez S, Castro R (1997). Catastrophic
Prehistoric eruptions at Popocatepetl and Quaternary explosive volcanism in 
the Serdan-Oriental Basin, East-Central Mexico. Fieldtrip Guide book, Pre­
meeting Excursion # 4 IAVCEI General Assembly; 1997 January 1 2 -1 8 ;  
Puerto Vallarta, Mexico.
Siebe C, Macias JL, Abrams M, Rodriguez S, Castro R, Delgado H (1995).
Quaternary Explosive Volcanism and Pyroclastic Deposits in East Central 
Mexico: Implications fo r  future hazard. Field trip guide book # 1, Geological 
Society o f  America, annual meeting; 1995 November 6-9; New Orleans, 
Louisiana.
Siebert L, Calvin T, Kimberly P, Luhr JF, Kysar G (2003). Volcanoes o f  Mexico (CD- 
ROM) Smithsonian Institution, Global Volcanism Program. Digital 
Information Series G V P-6..
Siegel DI, Lesniak KA, Stute M, Frape S (2004). Isotopic geochemistry o f  the
Saratoga springs: Implications fo r  the origin o f  solutes and source o f  carbon 
dioxide. Geology 32(3):257-260.
Siegenthaler U, Oeschger H (1980). Correlation o f 180  in precipitation with 
temperature and altitude. Nature 285:314-317 .
SOAPAP (1998). Estudiopara el diseho e instalacion de la red de monitoreo de los
niveles piezom etricos de las aguas subterraneas del Valle de Puebla (Study for 
the design and installation o f  the monitoring net for the piezometric levels in 
the groundwater o f  the Puebla Valley). Contrato No. SOAPAP 98-78D, 
Sicygsa, Puebla.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
218
SOAPAP-CNA (1994). Informe de los resultados de la exploraciones y  estudios
basicos del proyecto Nealtican (Report about exploration and basic studies o f  
the Nealtican Project). Partial Report.
Solomon DK, Hunt A, Poreda RJ (1996). Source o f  radiogenic helium 4 in shallow  
aquifers: Implications fo r  dating young groundwater. Water Resources 
Research 32(6): 1805-1813.
Spencer RJ (2000). Sulfate minerals in evaporite deposists. In: Alpers CN, Jambor JL, 
Nordstrom DK (eds) Reviews in mineralogy & geochemistry, vol. 40. 
Crystallography, geochemistry, and environmental significance. The 
Mineralogical Society o f  America, Washington, DC, pp 173-192.
Stahl W, Aust H, Dounas A  (1974). Origin o f  artesian and thermal waters determined 
by oxygen, hydrogen and carbon isotope analyses o f  water samples from  The 
Sperkhios Valley, Greece. In: IAEA Isotope techniques in GM hydrology, Proc 
Symp, pp 317-339.
Stumm W, Morgan JJ (1996). Aquatic chemistry, 3rd edn. John W iley & Sons, Inc., 
New York.
Sturchio NC, Keith TEC, Muehlenbachs K (1990). Oxigen and carbon isotope ratios 
o f  hydrothermal minerals from  Yellowstone drill cores. Journal o f  Volcanology 
and Geothermal Research 40:23-27.
Sturchio NC, Williams SN, Garcia NP, Londono AC (1988). The hydrothermal system  
ofN evado del Ruiz volcano, Colombia. Bulletin o f Volcanology 50:399-412.
Sturchio NC, Williams SN, Sano Y (1993). The hydrothermal system ofVolcan  
Purace, Colombia. Bulletin o f  Volcanology 55:289-296.
Stute M, Forsfer M, Frischkom H, Serejo A, Clark JF, Schlosser P, Broecker WS, 
Bonani G (1995). Cooling o f  Tropical Brazil (5 °C) during the last glacial 
maximun. Science 269:379-383.
Stute M, Scholosser P, Clark JF, Broecker WS (1992a). Paleotemperatures in the
Southwestern United States derived from  noble gases in ground water. Science 
256:1000-1003.
Stute M, Sonntag C, Deak J, Schlosser P (1992b). Helium in deep circulating
groundwater in the Great Hungarian Plain: flow  dynamics and crustal and 
mantle helium fluxes. Geochimica et Cosmochimica Acta 56:2051-2067.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
219
Taran Y, Inguaggiato S, Varley N, Capasso G, Favara R (2002). Helium and carbon 
isotopes in thermal waters o f  the Jalisco block, Mexico. Geofisica 
Intemacional 41(4):459-466.
Taran YA, Connor CB, Shapar VN, Ovsyannikov AA, Bilichenko AA (1997).
Fumarolic activity o f  Avachinsky and Koryaksky volcanoes, Kamchatka, from  
1993 to 1994. Bulletin o f  Volcanology 58:441-448.
Taran YA, Fischer TP, Cienfuegos E, Morales P (2002). Geochemistry o f
hydrothermal fluids from  an intraplate ocean island: Everman volcano, 
Socorro Island, Mexico. Chemical Geology 188:51-63.
Torgersen T, Clarke WB (1985). Helium accumulation in groundwater, I: An
evaluation o f  sources and the continental flux o f  crustal4He in the Great 
Artesian Basin, Australia. Geochimica et Cosmochimica Acta 49:1211-1218.
Torgersen T, Clarke WB (1992). Geochemical constraints on formation flu id  ages,
hydrothermal heat flux, and crustal mass transport mechanisms at Cajon Pass. 
Journal o f  Geophysical Research 97(B4):5031-5038.
Tudge AP, Thode HG (1950). Thermodinamic properties o f  isotopic compounds o f  
sulfur. Cand. J. Res. B28:567-578.
13 18Usdowske E, Hoefs J, Menschel G (1979). Relationship between C an d  O
fractionation and change in major element composition in a recent calcite 
depositing spring, a model o f  chemical variations with inorganic CaCOj 
precipitation. Earth Planet Sci. Letter 42:267-276.
Valentino GM, D ’Stanzione D (2003). Source processes o f  the thermal waters from  
the Phlegraean Fields (Naples, Italy) by means o f  the study o f  selected minor 
and trace elements distribution. Chemical Geology 194:245-274.
Van Keken PE (2003). The structure and dynamics o f  the mantle wedge. Earth Planet 
Sci. Letter 215:323-338.
Varley NR, Armienta MA (2001). The absence o f  diffuse degassing at Popocatepetl 
volcano, Mexico. Chemical Geology 177:157-173.
Velazquez-Oliman G, Perry EC, Socki R, Nimz G (2000). Groundwater supply to 
Puebla City, Mexico [abstract]. In: Geological Society o f  America, annual 
meeting; 2000 November 13-16; Reno, NV.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
220
Ward JA, Slater GF, Moser DP, Lin LH, Lacrampe-Couloume G, Bonin AS, Davidson 
M, Hall JA, Mislowack B, Bellamy RES, Onstott TC, Sherwood Lollar B
(2004). M icrobial hydrocarbon gases in the Witwatersrand Baso, South 
Africa: implications fo r  the deep biosphere. Geochimica et Cosmochimica 
Acta 68(15):3239-3250.
Werner C, Janik CJ, G off F, Cornice D, Johnson L, Siebe C, Delgado H, Williams SN, 
Fischer TP (1997). Geochemistry o f  summit fumarole vapors and flanking 
thermal/mineral waters at Popocatepetl Volcano, Mexico. Internal report LA- 
13289-MS, Los Alamos, pp 1-33.
White DE (1957). Thermal waters o f  volcanic origin. Bulletin o f  the Geological 
Society o f  America 68:1637-1658.
Wieder RK, Novak M, Rodriguez D (1996). Sample drying, total sulfur and stable 
sulfur isotopic ratio determination in freshwater wetland peat. Soil Sci. Soc. 
Am. J. 60:949-952.
Williams SN, Sturchio NC, Calvache V ML, Mendez F R, Londono A, Garcia P N
(1990). Sulfur dioxide from  Nevado del Ruiz volcano, Colombia: total flux and 
isotopic constraints on its origin. Journal o f  Volcanology and Geothermal 
Research 42:53-68.
Wolde Gabriel G, G off F (1989). Temporal relations o f  volcanism and hydrothermal 
systems in two areas o f  the Jemez volcanic field, New Mexico. Geology 
17:986-989.
Wood WW (1999). Use and misuse o f  the chloride-mass balance method in estimating 
ground water recharge. Ground Water 37(l):2-3.
Yanagisawa F, Sakai H (1983). Thermal decomposition o f  barium sulfate-vanadium 
pentaoxide-silica glass mixtures fo r  preparation o f  sulfur dioxide in sulfur 
isotope ratio measurements. Analytical Chemistry 55:985-987.
Yanez P, Ruiz J, Patchett PJ, Ortega-Gutierrez F, Gehrels GE (1991). Isotopic studies 
o f  the Acatlan complex, southern Mexico: implications fo r  Paleozoic North 
American tectonics. Geological Society o f  America Bulletin 103:817-828.
Young ED, Galy A, Nagahara H (2002). Kinetic and equilibrium mass-dependent
isotope fractionation laws in nature and their geochemical and cosmochemical 
significate. Geochimica et Cosmochimica Acta 66(6): 1095-1104.
Zhang J, Quay PD, Wilbur DO (1995). Carbon isotope fractionation during gas-water 
exchange and dissolution o f  CO2. Geochimica et Cosmochimica Acta 
59(1):107-114.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Zhao X, Fritzel TLB, Quinodoz HAM, Bethke CM, Torgersen T (1998). Controls on 
the distribution and isotopic composition o f  helium in deep groundwater flows. 
Geology 26(4) :291-294.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
